Simulation Relations among Message Passing
and Mobile Agent Algorithms

Maria Ioanna Spyrakou
A0013

Examination committee:

Aris Pagourtzis, School of Electrical and Computer Supervisor:

Engineering, National Technical University of Athens. Aris Pagourtzis, Professor,

Dimitris Fotakis, School of Electrical and Computer School of Electrical and Computer
Engineering, National Technical University of Athens. Engineering ,

Stathis Zachos, School of Electrical and Computer National Technical University of Athens.

Engineering, National Technical University of Athens.

Aovikh kot Arakprtd
3 =
=1 )
= g
& =
Y 8
3 OCAMY 2

=
K &
3 1
y S
3 >
007 0w01Xa1una3






H napovca Aumhopatikny Epyacia
ekmovinOnke ota TAaiclo TOV GTOVOOV
Yl TV OOKTNOT TOL
Meroantoyiokod Avmh@patog Ewdikgvong
«AkyoprOpor, Aoy kor Arexprrd MaOnpoatika»
OV QTTOVELLEL TO
Tuqpo [MAnpo@opikic ko Tniemikotvovidv
T0V
EOvikov ko Kamodwstprokov [avemotypiov AOnvav

EykpiOnke MV cooceeeiieie, and Eéetaotikn Empomn
ATOTEAOVUEVT] QIO TOVG:

Ovopoten@vopo BaOpida Ynoypog
L o
2 e






ABSTRACT

Simulations of distributed systems are powerful, since they allow us to prove the rela-
tions among different systems, compare their capabilities and performance and transfer
positive and impossibility results from one to another. This thesis aims in analysing the
equivalence of the message passing model and the mobile agent model via a simulation
relation. Furthermore, it will examine the simulations that can be obtained between
the message passing model and the mobile agent model, when some components of the
systems may fail or be under adversarial attack.

We prove the following a) simulation relations of a mobile agent system with black
holes by a message passing system with always dead processes, b) a simulation of a
message passing algorithm that sends at most £ — 1 messages to always dead processes
by a mobile agent system with black holes and at least £ mobile agents, ¢) a simulation
of mobile agent black® hole system by a message passing system with crash failures
and d) a simulation of mobile agent gray hole system by a message passing system
with omission failures. Furthermore we present some positive and impossibility results
as a consequence of the simulations presented.






YXYNOYH

Ot TPOGOOLDGELG GTO KATAVEUNUEVO GLGTHHATA Eival TOAD 1oYLPA epyareia, KOBMS
LOG EMLTPETOVY VO OTOOEIKVOOVLLE TIG OYEGELS OLOLPOPETIKMY GLUGTNUATOV, VO GUYKPI-
VOULLE TIG OLVATOTNTEG KO TNV 0ITOS0GT TOVG KoL VO LETAPEPOVLLE OETIKE KOl apyNTIKd,
amoteAéopaTa amd VO GVOTNHO 6TO GAAO. Xg vt TV gpyacia Bo eEetdoovpe v
1000VVAUi0 TOV KOTOVEUNLEVOV CUOTNUATOV avTtaAlayn pnvopdtov (MP) kot kivn-
TV Tpaktopev (MA) péom piag oyéong mpocopoinons. Xtn cvvéyela Oa epguvnBel
TOLEG TPOGOLOLDGELG LTOPOVV VOl aodetyBovV avApeSa GTO LOVTELO OVTOAANYHG UNVL-
HATOV KO GTO PLOVTELD KIVIITMV TPOKTOP®V, 0TV KATO1EC GUVIGTMGES TV CLUGTILATOV
Vootovy BAAPN 1 AE1TovPYoHY VIO TIG EVTOAEG KATOL0L OVTITAAOV.

®a amodeifovpe Tig akdA0LOES OYEGEIS TPOGOUOI®OoNG: O) GLoTHUATOY MA e
povpeg omég and cvotypoata MP pe "dwopkdg adpaveic enelepyactés”, B) adyopiBumv
MP mov otélvovtat to oAl k — 1 pnvipata og "dopkdg adpaveis eneEepyaotéc” and
ocvotpata MA pe Hopeg omég Kot TOLAGYLOTOV k TPAKTOPES, Y) cLOTUaTOY MA e
pavpeg” oméc and cvotuato MP pe yohoopévoug emeEepyootés Kot 8) mpocopoinom
ocvomudtov MA e ykpileg onég omd cuotipata MP e enelepyaotéc mov napaieinovv
prpata tov aiyopibuov. EmimAéov, Bo mapovcsidcovpe amoteAéopata Kot amodei&elg
advvapiog enitevéng oTOYOV TOV CGUGTNUATMV OVTOAAOYNG UNVOUATOV Kol KIVNTOV
TPOKTOPMV TOV TPOKLATOLV MG ATOPPOLL. TMV TPOCOUOIDGENDY TOV UTOdELYONKAV.






EYXAPIXTIEX

Oa 1bela va guyapiotiom Tov emPAémovta kabnynt pov, k. Aptoteion [ayovptln,
Yo TNV 6ot Kafodynomn Tov, Tig GUUPBOVALS, 10£EC KO YVAOGELS TOV KoL TNV VITOUOVY|
TOV KATG TNV EKTOVNOT TG SITAOUATIKNG LoV epyaciag. EmmAéov Oa 0ela va suyopt-
OTNO® TO, LEAT TNG TPLUEAODS EMLTPOTNG, K. AnunTplo Pwtdkn kot K. Evetdbio Zayo
Y. TO YPOVO TOLG KOL Y10 TIG YVMGELG TOV LoV HETAAAUTAOELGOV pE TN O1000KOALN
TOVG.

Eniong Oa 16eha va euyaptomnom Toug GUHEOLTNTEG Kot OIlovs pov yia T Borfea
Kot T oTAPIEN OV LoV Topeiyay pHésa amd TG cLINTACELS HOC.

Téhog, Bo 10EX0L VO EVYOPLOTHC® TOLG YOVEIG LOV, Y10 TNV AyGARN TOVGS, T GTHPIEN
TOVG, TNV EUMIGTOGVUVI] TOVG KOl TNV OUEPLGT VTOUOVT TOVG Kab' OAa T YpoOVIo. TV
OTOLOMV LLOV.
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CHAPTER 1

DISTRIBUTED COMPUTING MODELS

1.1 Introduction

Distributed Computing Models and distributed algorithms are designed to solve prob-
lems when a distributed or dislocated set of processes want to achieve a certain common
goal, under various assumptions about the communication of the processes, the mobil-
ity of the processes as well as the possible failures of the communication network and
of the processes. Distributed algorithms have many applications in real-life scenarios
and the research goal is to design realistic distributed computing models that capture
various attacks.

In distributed computing, two main models are the message passing model and the
mobile agent model. In the message passing model, there are n stationary processes
that communicate to each other through some communication channels, by exchanging
messages. The message passing model can be represented by a directed or undirected
graph G = (V, E'), where the vertices correspond to the processes and the edges to the
communication channels. In the mobile agent model, there are k non stationary pro-
cesses, called agents, that move to different execution places, according to the provided
navigation subsystem.

Chalopin et al proved in [9] that every message passing algorithm can be simulated
in the mobile agent system, and vice versa, given that the navigation system of the mo-
bile agent system and is a graph G = (V, E') where the vertices represent the execution
places and the edges the navigation links is equal with the communication system of the
message passing model. This paper established the equivalence between the message
passing model and the mobile agent model.

Simulations are useful for proving impossibility results and solving problems be-
tween different models of computation. Many major results in distributed computing
were established using simulation relations. For example it was proved in [2] that any
task computable with less than |V |/2 faulty processes in the message passing model is
computable in the shared memory model and vice versa, using emulators, that translate
algorithms from the shared memory model to the message passing model. Further-
more, the impossibility of the k-set consensus problem, which is a generalization of the
impossibility of the consensus problem (FLP [[L7]) was proved by simulation, by the
"BG-distributed simulation algorithm", which was introduced in [[]] and proved in [§].
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1.2. MESSAGE PASSING MODEL (MP)

The "BG simulation algorithm" transforms any k-fault tolerant solution for the k-set
consensus into a k 4+ 1 wait free solution in the shared memory model. Since the latter
is impossible, the simulation proves the impossibility of the k-set consensus.

The problem of Byzantine Synchronous consensus can be solved by combining a
series of simulations from Byzantine to "identical" Byzantine, from "identical" Byzan-
tine to omission failure and from omission failure to crash failure model in 4(f + 1)
rounds when n > 4 f, where f is the number of Byzantine failures, as presented in [4,
pp- 251-275], [2€]. Although the Byzantine Agreement problem can be solved opti-
mally in ¢ + 1 rounds, when n > 3 f [[1§], the solution using the simulations despite not
being optimal, it is much simpler.

In this thesis we will focus on simulation relations between Mobile Agent and Mes-
sage Passing Algorithms. In chapter [l we will define the Message Passing (MP) and
the Mobile Agent (MA) model and generalize the definitions of simulations of [23]
and [4]. In chapter ] we will present and analyse the simulations of [6, 9] both in the
asynchronous and the synchronous model. In chapter J we will present the simulation
of [13] of a Message Passing algorithm by Mobile Agent System where agents may
crash and examine if there are simulation relations between message passing and mo-
bile agent systems, when some components of the two systems, real and simulated, may
fail or behave maliciously. More specifically, we prove the following: a) a simulation
of mobile agent system with black holes by a message passing system with always dead
processes, b) a simulation of message passing algorithm that sends at most £ — 1 mes-
sages to always dead processes by a mobile agent system with black holes and at least k
mobile agents, ¢) a simulation of mobile agent black™ hole system by a message passing
system with crash failures and d) a simulation of mobile agent gray hole system by a
message passing system with omission failures. Lastly, in chapter f we will present
some use cases of the simulations presented in chapter |, where positive results and
impossibility results of one system will be transformed into positive and impossibility
results for the other system.

1.2 Message Passing Model (MP)

In order to define a message passing system we will use the definition and notation
of message passing systems of [32, pp. 43—47], [9], [22, pp.- 39-49], [4, pp. 9-15]. In
distributed computing, a message passing system (P, C, \) is formed by a collection
P of processes that communicate to each other by exchanging messages through the
communication subsystem C' and each process p € P has an initial state A(p) that
encodes the initial input of the process i.e. the ID of the process (an integer in case
of non anonymous network and L otherwise), topology information, sense of direction
e.t.c. The communication subsystem is represented as a simple connected undirected
graph G = (V, E, ¢§) where:

» Each process p € P is located on a vertex of V.. (|P| = |V| = n)
» Edges F represent the communication channels between the processes.

* 0y N, (u) = [1, deg, (u)] is the port labelling function, where
N, (u) = {v eV ]{u, v} e E} and deg,, (u) = | N, (u)|,
and labels the edges incident to every vertex u € V.

Processes communicate to each other by sending and receiving messages through
the communication channels. Processes know through which port a message was re-

2



CHAPTER 1. DISTRIBUTED COMPUTING MODELS

Communication Medium
Message Passing System

C=G(V,E,d)

Figure 1.1: Communication of processes py, ..., p, through a message passing commu-
nication system G(V, E, §)

ceived and can choose through which port a message will be sent. The communication
of processes through a message passing communication system is illustrated in figure
L1}, where the communication system is responsible for delivering the send events of
processes to the corresponding port/recipient of the receive event [29, pp. 3-7].

The main models of communication of processes are the LOCAL, the CONGEST
and the ASYNC [27, pp. 15-29].In the LOCAL model, communication of processes
takes place within synchronous rounds and processes wake up simultaneously and start
the computation at the same round. It aims in capturing and examining the locality of
distributed computing. For this reason it allows exchanging messages of unlimited size
and unlimited local computations, avoiding the obstacles imposed by congestion and
asynchrony.

The CONGEST model, focuses mostly in the volumn of communication and in the
time and message complexity of the protocol. In this model the maximum message size
is O(logn) bits and the communication can be either synchronous or asynchronous.

In the ASYNC (asynchronous) model, the communication of processes is asyn-
chronous and receiving a message from a neighboring process takes finite but unpre-
dictable time. Therefore this model aims in capturing and examining the effects of
asynchrony.

In this thesis we will consider mostly the ASYNC and the LOCAL model.

Message Passing algorithm

Processes in the message passing systems can be modelled as I/O automata [24, 23],
state machines [27, 4] or transition systems [32]. Following the approach of [32], each

3



1.2. MESSAGE PASSING MODEL (MP)

process in the message passing system is a transition system, that can interact with the
communication subsystem. Let M denote the set of all possible messages. For each
process p € P the local algorithm D, is defined by:

* the set of possible states () (not necessarily finite)

* the set of initial states I C

« the initial state A\(p) € I of p € P

* arelation -, of events (internal events, send events or receive events)

Let state;(p), ¢ > 0 be the state of process p € P. Let M be the multiset of messages
in transit. M is initially empty. A message in transit is a triple (p, m, p’) where p € P
is the sender, m € M is the message and p’ € P is the receiver. U The set of possible
events of message passing algorithm D is denoted as events(D). The possible events
associated to process p € P are either:

* internal events
(¢, 0, L)y (d, 0, 1)
where c is the old state of p and d is the new state of p.
L is the null message and 0 indicates that no message is sent nor received.

* send events
(¢, 0, L)+, (d, out, m)
where c is the old state of p and d is the new state of p after sending message m
through port out.
M « M U{(p,m,p")}, where p’ € P is such that 6, (p) = out

* receive events
(¢, in, m) Fp (d, 0, 1)
where c is the old state of p and d is the new state of p after receiving message m

through port in.
M «— M\ A{(p’,m,p)}, where p’ € P is such that §,(p’) = in

A distributed Message Passing algorithm D for a collection of processes P =
{p1,p2,...,pn} is the collection of local algorithms D,,, p € P. A transition in a
message passing algorithm is defined by an event on a process. A configuration of D is
defined as con fig;(D) = (state;, M;), where state;(p),p € P is the state of process
p and M; is the multiset of messages in transit. Initially stateg(p) = A(p) € I ,p € P
and My = (). Therefore, the execution £ of the message passing algorithm D is defined
as a sequence of configurations and events:

& = (state;, M, ¢;)i>0
where for each i there exist a unique process p € P such that:
o state;11(p') = state;(p'), Vp' € P:p' #p

* state;y1(p) and M, are obtained from state; and M; by the applicable event
¢i onp.

A configuration is terminal when there are no applicable events.

IProcesses do not necessarily have unique identifiers

4



CHAPTER 1. DISTRIBUTED COMPUTING MODELS

Termination

A process is active if an internal or send event is applicable in his state and passive
otherwise. [32] A message passing algorithm D terminates:

 Implicitly: when all processes are passive and there are no messages in transit.

+ Explicitly: if it terminates implicitly and at least one process detects the termi-
nation of the algorithm, in the sense that all processes have computed their final
values.

Complexity Measures

In a message passing algorithm the complexity measures we are interested in analysing
are the number of messages exchanged, the amount of time for the termination (implicit
or explicit) of the algorithm and the space complexity in terms of total or local memory
requirements.

Definition 1.1. The message complexity [4] or communication complexity [23] of an
algorithm D on a communication system C, denoted as M SG(D, C'), is the maximum
number of non-null messages exchanged in the message passing algorithm over all
executions.

Definition 1.2. The bit complexity [23]]an algorithm D on a communication system C,
denoted as Bit(D, C), is defined as the total number of bits in the messages exchanged
in the message passing algorithm over all executions.

Definition 1.3. The time complexity [4] or round complexity on a synchronous sys-
tem of an algorithm D on a communication system C, denoted as Time(D, C), is the
maximum number of rounds until termination over all executions of the message pass-
ing algorithm.

In asynchronous systems, defining the time complexity requires more attention,
since several delays may occur at the processes. The delay of a message is defined as
the time that elapses between a send event and the corresponding receive event.

Definition 1.4. The time complexity of an asynchronous system [4, 27], of an al-
gorithm D on a communication system C, denoted as Time(D, C), is the maximum
number of time units from the start of the execution of algorithm D until the termination,
over all executions of the message passing algorithm D.

Another time complexity measure, namely the round complexity of asynchronous
systems, was defined in [[11]] in order to capture the notion of round complexity of
synchronous systems but in asynchronous systems. In this work, the delay value T is
assumed to be chosen by an adversary and the definition of an asynchronous round for
process p; is the number of times that p; alternated between receive and send events.

Definition 1.5. The asynchronous round complexity [L1]] of an algorithm D on a
communication system C, denoted as RC(D, C), is the maximum number of rounds
of all processes over all executions of D.

Definition 1.6. The total space complexity of an algorithm D on a communication
system C, denoted as Mem(D, (), is the total number of memory bits used by the
algorithm in the network in the worst case. The local space complexity or maxi-
mum space complexity of an algorithm D on a communication system C, denoted as
LocMem(D, C), is the maximum number of memory bits use by the algorithm at any
processor in the network in the worst case. [27]].



1.3. MOBILE AGENT MODEL (MA)

1.3 Mobile Agent Model (MA)

In order to define a mobile agent system we will use the definition and notation of
message passing systems of [9]. In the mobile agent model there is a set A of k identical
mobile agents, which are non stationary computational entities with internal memory,
called notebook. Mobile agents are located on execution places P and can move from
place to place through the navigation subsystem S and execute the places that they visit
and read and write data on the local memory of the execution places. Mobile agents
can be:

» synchronous, where traversing one edge of the navigation subsystem and exe-
cuting a place takes places within a round.

+ asynchronous, where each of their actions is executed in finite but unpredictable
time.

The navigation subsystem S is a simple undirected connected labelled graph G =
(V, E, §), where agents are located on the vertices V' and can move through the links
E.

 The vertices V represent the execution places P, and are equipped with a white-
board, which is local memory that agents can access.

 The edges incident to every vertex u € V are distinctly labelled according to the
port labelling function §,, : N, (u) — [1, deg,, (u)],
where N, (u) = {v € V| {u, v} € E} and deg,, (v) = [N (u)|
When an agent migrates from a place knows through which port it migrates.

The function A describes the initial states. More precisely, A(«), o € A is the initial
state of mobile agent « and A(p), p € P is the initial state of execution place p, which
encodes the initial input of the process i.e. the ID of the process or the execution place
(an integer in case of non-anonymous network and L otherwise), topology information,
sense of direction e.t.c. Agents are initially located on the vertices of G according to
the function 7y : A — V/, and for each agent « € A the initial location 7o («) is called
homebase of agent a. An agent o € A located at an execution place p; € P can copy
whiteboard,, to notebook,, perform (local) computations, write on whiteboardy,,
depart from p; to pr € Ng(p;) and arrive to pg. The navigation of mobile agents
through the navigation system is illustrated in figure [L.2, where agents can depart from
an execution place p; to migrate to execution place py and arrive to execution place p;
from execution place py, using the navigation system S = G(V, E, §).
Therefore the mobile agent system is described as

(Aa IP7 Sa 0, )‘)

Mobile Agent Algorithm

Following the definition of mobile algorithm of [9] each agent in the mobile agent sys-
tem is a transition system, that can interact with the execution places and the navigation
subsystem. For each mobile agent « € A the local algorithm A4, is defined by:

» the set of possible states Jp of the execution places(not necessarily finite).

6



CHAPTER 1. DISTRIBUTED COMPUTING MODELS

agent « arrives

departs

to pij\ﬁrom gent « departs
o arrives Pk € N (p; from p; to
Pk € Ne(pi)
Navigation System
S=G(V,E,J)
o departs o arrives

« arrives o departs

Figure 1.2: Navigation of mobile agent & € A over the execution places p1, ..., pn
through a mobile agent navigation system G(V, E, ¢)

« the set of possible states ()5 of the agents (not necessarily finite).
* the set [, C Q4 of initial states A(«) € Ia, of agents a € A
« the set Ip C Qp initial states A(p) € Ip of execution places p € P

 arelation Fg‘ of events.

Let state” () be the state of agent o € A and state”(p) be the state of execution
place p € P. Let M be the set of mobiles agents in transit. M is initially empty. An
agent in transit is a triple (p, ., p’) where p € P is the place of departure and p’ € P is
the place of arrival. Bletm: A > Pbea mapping of agents that are not in transit.
The set of possible events is denoted as events(.A). The possible events associated to
agent o € A are:

* « departs from p
(s5,q,0) o (s, ¢, out)

where s is the old state of v, s’ is the new state of «, ¢ is the old state of p and ¢’
is the new state of p, after the departure of a through port out.

M + MU {(p, @, p) }, where p’ € P is such that 6,,(p’) = out

m(a) L

e «arrives at p
(s, q,in) k5 (s, ¢, 0)

2Execution places do not necessarily have unique identifiers



1.3. MOBILE AGENT MODEL (MA)

where s is the old state of «, s’ is the new state of ¢, g is the old state of p and ¢’
is the new state of p, after the arrival of o through port in.

M« M\ {(p', o, p)}, where p’ € PP is such that §,(p’) = in

m(a) < p

* « remains at p
(5,4, 0) Fp (s', ¢, 0)

where s is the old state of «, s’ is the new state of «, q is the old state of p and ¢’
is the new state of p.

A Mobile agent algorithm A for a collection of mobile agents A is the collection of
local algorithms A,, o € P. A configuration of A is defined as config;(A) =
(state*, M, 7;), where statei*(a), o € A is the state of agent «, state(p), p € Pis
the state of execution place p, M; is the multiset of agents in transit and 7; is the posi-
tion of agents that are not in transit. Initially states'(a) = A\(a),a € A, stateg(p) =
A(p), p € P and My = (). Therefore, the mobile agent algorithm is defined as

A= (l_g)aeA, peP

and the execution £ of the mobile agent algorithm .4 is defined as the sequence of
cnfigurations:
£ = (statef‘, Mi, 7Ti)i20

where for each i there exist a unique agent o € A and a unique place p € P such that:
o statet (o)) = statef(a’), Vo' € A:a’ # a
o statel,(p') = state(p'), Vp' €P:p/ #p
« state{i,(p) and M, are obtained from state;* and M; by an event on p.

A configuration is terminal when there are no applicable events.

Termination: A mobile agent is passive if there are no applicable events to his state.
[9]. A terminal configuration of mobile agent algorithm A is a configuration where all
agents are passive. A mobile agent algorithm A terminates:

» Implicitly: if it reaches a terminal configuration, but no agent is aware of the
termination of A.

+ Explicitly: if it reaches a terminal configuration and at least one agent detects
the termination of A.

Complexity Measures

The complexity of a mobile agent algorithm can be measured by the number of mobile
agents used, by the time until the termination(implicit or explicit) of the algorithm, by
the number of moves or steps taken by the mobile agents and the memory requirements
of the notebook of the mobile agents and the whiteboard of the execution places.

Definition 1.7. The agent complexity of a mobile agent algorithm .4 on a navigation
system S, denoted as Agents(A,S), is the minimum number %k of mobile agents of
the mobile agent system such that algorithm A correctly computes the outputs of the
problem on S with k& mobile agents over all executions of A. [25]

8



CHAPTER 1. DISTRIBUTED COMPUTING MODELS

Definition 1.8. The time complexity of a mobile agent algorithm 4 on a navigation
system S, denoted as T'ime(.A, S), is the maximum number of time units until the termi-
nation of the algorithm, over all executions of algorithm A [[15, 12], assuming that each
move(traversal of a link) of an agent takes one time unit. In the case of asynchronous
mobile agent this is referred as ideal time [23].

Definition 1.9. The move complexity of an agent o of a mobile agent algorithm .4 on
a navigation system S, denoted as Move(a, A, S), is the maximum number or moves
(traversals of links) of agent v € A, until the termination of the algorithm, over all
executions of algorithm .A. The total move complexity of algorithm .4 on a navigation
system S is T'otal Moves(A,S) = ., Move(a, A,S)

We note that for the time complexity and the move complexity of a mobile agent
algorithm A and a navigation system S of a mobile agent system (A, P, S, 7, \) the
following relation holds: Time(A,S) = maxoea Move(a, A, S)

The space complexity is measured in terms of the whiteboard memory and the note-
book memory, and we are interesting in analysing the space complexity both locally,
on each execution place or agent and globally for the entire system.

Definition 1.10. The total space complexity of execution places of a mobile agent
algorithm A on a navigation system S, denoted as MemW B(.A, S), is the total number
of memory bits used by execution places(whiteboards), during the execution of the
algorithm A in the navigation system S in the worst case.

Definition 1.11. The local space complexity of an execution place, of a mobile agent
algorithm A on a navigation system S, denoted as LocMemW B(\A,S), is the maxi-
mum number of memory bits used by algorithm A at any execution place(whiteboard)
of the navigation system in the worst case.

Definition 1.12. The total space complexity of a mobile agent of a mobile agent
algorithm A on a navigation system S, denoted as MemAg(A,S), is the total number
of memory buts used by mobile agents(notebooks) during the execution of algorithm
A in the navigation system S in the worst case.

Definition 1.13. The local space complexity of a mobile agent of a mobile agent al-
gorithm .4 on a navigation system S, denoted as LocMemAg(A,S), is the maximum
number of memory bits used by any mobile agent(notebook) on the execution of algo-
rithm .4 on the navigation system in the worst case.

1.4 Simulations

A simulation between two distributed systems A; and A is a relation between them,
that indicates that they have the same input/output behavior, under the same conditions.
An algorithm A; of the communication system C; simulates algorithm .45 of the com-
munication system CS, if for every execution &; of A; there exist an execution & of
As that corresponds to &;.

In [23, pp. 224-228] a simulation relation is defined between two I/O automata
that have the same external interface. A similar definition of simulations is given in
[4, pp. 157-166], where the simulation relation is defined between two communica-
tion systems. We will extend the definitions of simulation of [23] and [4] to define
simulations between two distributed systems.

9
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Definition 1.14. (extension of the definition of simulation of [23])
Let A;, As be two distributed systems, with corresponding communication systems
C4,C5. Suppose f is a binary relation over con fig(A;) and con fig(Asz):

f Ceonfig(Ayr) x config(As)

and h is an injective function h : events(As) — events(A;). Then f is a simulation
relation from A; to As if the following hold:

1. If s is an initial configuration of A,, then the intersection of f(s) with the set of
initial configurations of A5 is non empty.

2. If s is a reachable configuration of A, u € f(s) is a reachable configuration of
Ag and 7 is an applicable event on s, that changes the configuration of A; into s,
then there exists an execution segment £ of A, starting with v and ending with
u’ € f(s') such that

h(trace(€)) = trace(r)

where trace(€) is the subsequence of £ consisting of all the external events.

f(s) f(s)

E
Ay
Al —p
S T s'

Figure 1.3: Simulation relation from system A; to As.
Any applicable event on a state of A; has a corresponding state and sequence of events
in As, for which the resulting state of A, corresponds to the resulting state of Ay

The definition of simulation of [4] is based on the Layered model. The layering
technique is often used to control the complexity of large scale systems. In the layered
model we assume a stack of processes, one on top of the other, where each process in
the stack interacts only with the layer above and below. The top process communicates
with the external environment and the bottom with the communication system. A com-
munication system C' has a set of inputs, denoted as in(C), a set of outputs, denoted
as out(P) and a set of allowable sequences seq(C') of inputs and outputs. The sets of
inputs and outputs form the interface of C. For an execution £ we denote as top(&)
and bot (&) the restriction of the sequence of events of execution € to the events of the
top and respectively bottom interface.

10
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Admissibility of an execution of a layered communication system (C2,Cq) is a
property that captures the proper behavior of the system. Informally, an execution of
a layered system (Co, C7) is admissible if it does not halt while there is an applicable
event, if the inputs of satisfy the input constraints of C; and the communication system
is correct, according to the specifications of C';. More formally, an execution « is
(Cq, C1)-admissible, if it is:

* fair, that is every event that is continuously enabled eventually occurs.

* user compliant for Cy, that is for every prefix a’¢ of execution o, where ¢ is
an input event from the environment to Cs, if ¢ is a prefix of some element of
seq(C-) then so is o’ ¢

* correct for Cp that is if bot(«) is an element of seq(CY ).

Example 1.15. The interface to an asynchronous message passing system has two types
of events:

+ send event: (¢,0, 1) L, (d,out,m)
which is an input event of the message passing system on behalf of processor p,
that sends message m through the communication port out.

* receive event: (c,in,m) L, (d,0, 1)
which is an output event of the message passing system on behalf of processor p,
where message m is received through communication port in.

The interface of an asynchronous message passing system is depicted in figure

A
Send event Receive event
process p sends m process p receives m
through port out through port in
(¢,0,1) F, (d, out, m) (c,in,m) F, (d,0, 1)
Y

Message Passing system

Figure 1.4: The interface of the asynchronous message passing system
Example 1.16. The interface to an asynchronous mobile agent system has two types
of events:

* depart event: (s,q,0) L (s',q’, out)
which is an input event of the mobile agent system on behalf of agent & € A
located at execution place p, that departs from p through the port out.

* arrive event: (s,q,in) L, (s',¢,0)
which is an output event of the mobile agent system on behalf of agent o € A
located at execution place p, that arrives to p through the port in.

The interface of an asynchronous mobile agent system is depicted in figure

11
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A
Depart event Arrive event
agent « departs from p agent « arrives at p
through port out through port in
(s,4,0) 5 (s', ¢, out) (s,q,in) b5 (s',¢,0)
Y

Mobile Agent system

Figure 1.5: The interface of the asynchronous mobile agent system

Definition 1.17. (extension of the definition of simulation of [4].)

Communication system C of distributed system A; simulates communication system
C; of distributed system A, if there exists a collection of processes, called Sim that
satisfies the following

1. The top interface of Sim is the interface of Cs.
2. The bottom interface of Sim is the interface of C.

3. Forevery (Cs, C;)-admissible execution £ of Sim, there exists a sequence o of
allowable inputs and outputs of C5 such that o = top(€)

Figure illustrates the definition of simulation

C input C'y output (' input C output

Sim Cl

A

Cs input Cs output

Y

C

Figure 1.6: Simulation of system C5 on top of C7.

The inputs of the Simulation processes are transformed to inputs of system C and the
outputs of system C are transformed to outputs of system C5. Running the simulation
on top of C produces the same appearance as does in Co

We note that definitions and are equivalent.

Proposition 1.18. The definition of simulation of and are equivalent

12
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Proof. (=) Assume that f is a simulation relation, according to definition [.14, from
Aj to Ag and b is an injective function h : events(As) — events(A;). Let Sim be
a set of processors that has as top interface Ao, bottom interface A; and maps inputs,
outputs and states of As to Ay according to f and h.

Let & bea (Cy, Cy)-admissible execution of Sim. Let £ be of the form (state,, event;);>o.
Let £|A; be the restriction of £ to states and events of system A; and is of the form
E|A1 = (statel, event});>o.

By definition Viu € f(state}), state] is reachable configuration of A;, event;,
is an applicable event on state; that changes the configuration to state;, ;. Hence by
definition there exists an execution segment «; of A, starting with v and ending
with u’ € f(state], ) such that: h(trace(c;)) = trace(r).

Leto = ap a1 as ... . Wenote that o is an execution of As for which o = top(&).
This is illustrated in figure [.4 Therefore C; simulates Cy according to definition [[.17.

Sim Co

A

h(trace(cy)) = trace(m;) h(trace(a;)) = trace(n;)

Y

&

Figure 1.7: Sketch of the proof of the implication of definition by

(<) Assume that C'; simulates C according to definition for a collection of
processes Sim. Suppose that f is a binary relation that maps f : config(A;) X
config(As) and h is injective h : events(As) — events(Ap), and f and h are
defined according to the transformations that are performed at the Sim processes and
f is a simulation relation from A; to A5 according to definition .

1. If s € 14, = f(s)U s, # 0, where I4,, 14, are the initial states of A, A,
since the bottom interface of Sim is Cs and the top interface is C' .

2. Let s be a reachable configuration of A1, u € f(s) a reachable configuration of
A and 7 applicable event on s such that (s, ) b s’
= there exists a (Cz, C1) admissible execution £ of Sim where s € € and 7
applicable event on s such that (s, 7) F s’
= there exist sequence o of allowable inputs and outputs of C5 such that o =
top(€). Hence there exists subsequence o’ of ¢ starting with v € f(s) ending
with u’ € f(s’) such that h(trace(c’)) = trace(m)

O
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CHAPTER 2

L SIMULATIONS AMONG HONEST MA AND MP
MODELS

2.1 Simulation of MA Algorithm by a MP System

It has been proved in [9] and [(] that every mobile agent algorithm can be simulated in
the message passing model, by creating for each execution of a mobile agent algorithm
A an equivalent execution in a message passing system.

Let (A, P, S, mp, ) a mobile agent system, where S = (V, E, §) is the navigation
subsystem, and A = (l—g)aeAypep.

The mobile agent algorithm 4 can be simulated in the message passing system
(P, C, N)=(V, E, §,\) where:

+ for each execution place P of the mobile agent system there is a process p € P
in the message passing system. Therefore there is a 1-1 correspondence between
execution places and processes and |P| = |P|. We will use the letter p to refer to
both the process p € P in the message passing setting and for its corresponding
execution place p € P in the mobile agent setting.

* the communication subsystem C' is equal to the navigation subsystem S.
C=8S=(V,E,9)

+ the labelling of the processes, which encodes the initial state is:

,2wev
(AM(v),0,1), otherwise Y

N(w) = {(/\(v), 1, AM(«)), if v is the homebase of agent «
where ff is a null state.

Let D be the message passing algorithm that simulates the mobile agent algorithm A.
For each process p € P in the local simulation algorithm D,, we have:

 The set of possible states () of a process is defined by the set of possible states
Qp of the execution places and by the state of a mobile agent if the mobile agent
is present at the execution place.

Q = Qp x {0, 1} x Quu{t}
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where {0, 1} represents the presence of a mobile agent at an execution place and
g is a null state and is used when there is no agent present at an execution place.

The set of initial states I C @ of a process is similarly defined as:

I = Ip x {0, 1} x I, U{t}

The initial state A'(p) € I of p € P is defined as:

N(p) = {()\(p), , AM(@)), if p is the homebase of agent « pep

1
(M(p), 0, #), otherwise

where A(p) is the initial state of the corresponding execution place p € P, 1
indicates that p is the homebase of some agent & € A and A\(«) is the is the
initial state of agent & € A and 0 indicates that p is not homebase of any agent
and f is the null state.

state(p) € Q, p € P is defined by the state of the corresponding execution place
and the state of mobile agent o € A if « is located at the execution place p € P

(state”(p), 1, state”*(c)), if o is located at p

peP
(state”(p), 0, #), otherwise b

state(p) = {

The presence of a mobile agent « at an execution place is encoded by a token
t(«) and the state of the corresponding mobile agent is encoded by the value of
the token, t(a) € Q4

The set of possible messages M = Q4 equals the set possible states of the agents.

The mapping h : events(A) — events(D) of possible events of the relation
in the relation I, of the message passing algorithm D is:

A departure event (s, g, 0) 5 (s, ¢/, out), p € P, a € A is simulated in
a send event (c, 0, L) F, (d, out, m) for the corresponding process p € P
where:

— the old state ¢ of p is: c=(q, 1, s)
— the new state d of p is: d=(q,0, 1)

— the message m = t(a) = s is sent through the port out and indicates that
token ¢(«) is sent via port out.
M+ M U{(p,m,p")}, where p’ € P is such that 6, (p") = out

An arrival event (s, ¢, in) =5 (s',¢,0),p € P, o € A is simulated in a
receive event (c, in, m) F, (d, 0, L) for the corresponding process p € P
where:

— the old state ¢ of p is: c=(gq, 0, )
— the new state d of p is: d= (¢, 1, s)

— the message m = t(«) = s is received through the port in and indicates
that token ¢(«) is received via port in.
port in.
M « M\ {(p',m,p)}, where p’ € P is such that §,,(p') = in
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An event where agent « € A remains at p € P (s, ¢, in) by (s, ¢/, 0), is
simulated in an internal event (c, 0, L) t, (d, 0, L) for the corresponding
process p € P where:

— the old state ¢ of p is: c=(q, 1, s)
— the new state d of p is: d=(¢, 1,5

Let D,, be the algorithm induced by this construction on the process p € P and D =
(Dp)pep- The execution £ of the simulation algorithm D is the sequence:

g/ = (statel-, Mi)iZO
where for each 7 exists a unique process p such that:

o state;11(p') = state;(p'), Vp' € P : p' #p

* state;1(p) and M, are obtained from state; and M; by and event on p.

Proposition 2.1. [9] Let A = (-} )aea, per be a mobile agent algorithm implemented
on the mobile agent system (A, P, S, mg, A). Let D = (D,),ecp be the message pass-
ing algorithm defined above on the message passing system (P, C, )\').

Then algorithm D simulates algorithm .4 in the message passing system (P, C, \)

Proof. Let Ep be an execution of algorithm D,,, p € P in the message passing system
(P, C, X), f the simulation relation and h the events' mapping described above. By
the construction of algorithm D,, from algorithm A of the system (A, P, S, m, A) we
note that:

Lo fO)YNIs #£0

2. If s = (state;, M;), for some i € N is a reachable configuration of D, u €
f(s),u = (state;-“, M, m;), € N is a reachable configuration of A and 7 is an
applicable event on s that changes the state from s to s’ = (state;41, M;+1) then
by the mapping of events described above we note that there exists an event 7,
of the mobile agent system such that h(7’) = 7.

Therefore, for any applicable event = we have that there exists an execution seg-
ment £ 4 of A such that: h(trace(E4)) =7

Hence, by definition the message passing system (P, C, \') simulates the mobile
agent system (A, P, S, 7o, \) O

Termination

Lemma 2.2. Let A = (7)aea, per be a mobile agent algorithm implemented on the
mobile agent system (A, P, S, mp, A). Let D = (D,),ecp be the message passing
algorithm defined above on the message passing system (P, C, \’). If algorithm A has
the termination property then algorithm D has the termination property.

Proof. Algorithm D simulates algorithm A, therefore for every execution Ep of D there
exists an equivalent execution &€ 4 of A.

If algorithm A terminates implicitly then all agents eventually become passive in
€4 and Va € A located at p € P there is no applicable event of the relation 7. By
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the mapping of events in the simulation message passing algorithm D it is implied that
Vp € P there is no applicable event of the relation -, on the execution &p. Hence D
terminate implicitly.

If algorithm A terminates explicitly then at least one agent o € A at p € P detects
termination in £ ; i.e. that all execution places have their final values. By the construc-
tion of D, process p € P with token ¢(«) detects termination ; i.e. that all processes
have their final values. Hence D terminates explicitly. O

Remarks: In the simulation algorithm D described above a process p € P has an
internal or send or receive event if and only if there is an agent on the corresponding
execution place p € P. Hence during the execution of D there are at most k processes
that execute events simultaneously, where k& = |A)|.

By the construction of the simulation algorithm D there is a correspondence be-
tween the whiteboard,, p € P and the local memory of the corresponding process
p € P and between notebook,, of mobile agent & € A and the messages exchanged
in the message passing algorithm D.

Complexity
Message complexity

Proposition 2.3. Let A = (I} )aca, pep be a mobile agent algorithm implemented on
the mobile agent system (A, P, S, mg, A). Let D = (D,)pep be the message passing
algorithm defined above on the message passing system (P, C, \'), where C' = S.
Then the total number of messages exchanged(message complexity) during the exe-
cution of D is:

MSG(D,C) = Z Move(a, A, S) = Total Move(A,S)
acA

where Move(a, A, S) is the move complexity of agent & € A in the execution of A.
The total size of messages exchanged is

Bit(D,C) = Z Move(a, A,S) - LocMemAg(a, A,S)
achA

where LocMemAg(a, A,S) is the local space complexity of agent « i.e. the size of
notebook of a.

Proof. If in the simulation algorithm D there is a send event for process p € P and
token t(c), & € A then in algorithm A agent & € A departs from the execution
place p € P. Therefore, the number of times the token ¢(«) will be sent through the
communication system is Move(q, A, S) and hence the message complexity of S is
MSG(D,C) =), ca Move(a, A,S). The size of each message t(a) in D equals the
size of the notebook,, of the corresponding agent « or state(«), whose space com-
plexity is LocMemAg(a, A,S). Therefore the bit complexity of the algorithm is:
Bit(D,C) = Y cx Move(a, A,S) - LocMemAg(a, A,S). O

Time Complexity

Proposition 2.4. Let A = (F})aeca, pep be a mobile agent algorithm implemented on
the mobile agent system (A, P, S, my, A). Let D = (D,)pep be the message passing
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algorithm defined above on the message passing system (P, C, \’), where C = S.
Then the time complexity of D is:

Time(D,C) = Time(A,S)

where Time(A,S) is the time complexity of mobile agent algorithm A on the naviga-
tion system S.

Proof. For every event of an execution £ of D that involves token t(«),« € A, in
the corresponding equivalent execution £’ of A there is exactly one event that involves
agent «, since each path traversal in .4 and each message delivery in D takes one unit
of time. Therefore, the time complexity of A equals the time complexity of D. O

Space Complexity

Proposition 2.5. Let A = () )aca, per be a mobile agent algorithm implemented on
the mobile agent system (A, P, S, mg, A). Let D = (D,)pcp be the message passing
algorithm defined above on the message passing system (P, C, \’), where C = S.
Then the local space complexity of D is:

LocMem(D,C) = max {LocMemW B(p, A,S)} + max {LocMemAg(a, A,S)}
pPE a€c

where LocMemW B(p, A, S) is the local space complexity of execution place p € P
and LocMemAg(a, A,S) is the local space complexity of agent w € A of algorithm
A on the navigation system S.

The total space complexity of algorithm D is:

Mem(D,C) = Z LocMemW B(p, A,S) + Z LocMemAg(a, A,S)
p€eP a€A

Proof. In the simulation algorithm D each process p € P stores and processes the con-
tents of whiteboard, and notebook,, Voo € A. Therefore the local memory require-
ments for each processp € Pis: LocMem(D, C)) = (maxpep{LocMemW B(p, A, S)}+
maxaep{LocMemAg(a, A,S)}) where LocMemW B(p, A, S) is the space complex-
ity of the whiteboard, execution place p and LocMemAg(a, A,S) is the space com-
plexity of notebook,, of agent o € A of algorithm .A. O

Table summarises the simulation of a mobile agent algorithm A by message
passing algorithm D, table 2.2 summarises the complexity of the simulation and figure
illustrates the simulation relation.
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Table 2.1: Simulation of Mobile Agent Algorithm .A by Message Passing Algorithm D

Mobile Agent Model

Message Passing Model

System: (A, P, S, g, A)

S = (V, E, ) navigation subsystem
P or V : execution places,
equipped with a whiteboard
E': migration ports
Oy : Ng(u) = [1, dega(u)]
port labelling function
A : initial states of places and agents

ueV

A: set of k asynchronous agents.
7o : A — V agents' initial placement
m: A — V location of agents.

System: (P, C, )

C = (V, E, ¢) communication subsystem
P orV : asynchronous processes

E : communication channels

du : Ng(u) = [1, deg(u)] :
port labelling function

X’ : initial states of processes

’ _ (A(p), 1, M), mo(p) =
)= {(A(p), 0,4),  otherwise

ueV

,pEP

k tokens
o : initial placement of tokens
7 : location of tokens.

Mobile Agent algorithm .4:

Q4 : set of possible states of a € A
Qp: set of possible states of p € P

Iy C Q4: set of initial states of &« € A
Ip C Qp: set of initial states of p € P

state(p), p € P

state(a), a € A
M: multiset of agents in transit

Simulation message Passing algorithm D:

M = Q4: set of possible messages
Q=Qp x {0,1} x Qx U {t}:
set of possible states of p € P

I'=1p x{0,1} x I, U{t}:
set of initial states of p € P

(state(p), 1, state?(a)), w(p) =«

(state™(p), 0, #), otherwise
,pEP

M = M: multiset of messages in transit

state(p) = {

Events of the relation - of A,

departure event:

(5,9, 0) 5 (8, ¢, out)
arrival event:

(s, q,in) 5 (s', ¢, 0)
« remains at p:

(s,4,0)Fp (s, 4, 0)

Events of the relation -, of D, p € P

send event:

((q,1,5), 0, L) F, ((¢,0,4), out, s')
receive event:

((qa07ﬁ)7 in, 3) Fp ((q/a 1,s),0, L )
internal event:

((q,1,5),0, L)k, ((¢',1,8"),0, L)
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Table 2.2: Complexity of the Simulation of the Mobile Agent Algorithm .4 by Message
Passing Algorithm D

Message | rr5G(D, C) = Z Move(a, A,S) = Total Move(A,S)
Complexity aEh

Bit Bit(D,C) = Z Move(a, A,S) - LocMemAg(a, A,S)
Complexity IN

Time Time(D, C) = Time(A,S)
Complexity

Local Space LocMem(D,C) = maﬂ)#{Loc]MemWB(a, A, S)}—i—mag{Loc]WemAg(a, A,S)}
pe a€E

Complexity

Total Space Mem(D,C) = Z LocMemW B(a, A,S) + Z LocMemAg(a, A,S)

Complexity peP ach
Depart event Arrive event
agent o departs from p agent « arrives at p
through port out through port in
(5,4,0) Fp (s',¢', out) (s,q,in) F5 (s',¢',0)
Sim
Mobile Agent system
A
Send event Receive event
process p sends m = s’ process p receives m = s
through port out through port in
((qv ]-7 8)7 Oa J—) '_p ((qla 07 ﬁ)a OUtv 8/) (((J7 Oa ﬁ)v in» 8) |_P ((q/a 1; S,)v Oa J—)
Y

Message Passing system

Figure 2.1: Simulation of Mobile agent algorithm by a Message Passing system, where
the inputs of mobile agent system (depart events) are transformed into inputs of the
message passing system (send events) and the outputs of the message passing system
(receive events) are transformed into outputs of the mobile agent system (arrive events).
Running the simulation algorithm on top of the message passing system produces the
same appearance as does running the algorithm on top of the mobile agent system.
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2.2 Simulation of synchronous MA Algorithm by a syn-
chronous MP System

The simulation presented in section 2.1| can be modified appropriately in order to sim-
ulate synchronous mobile agent algorithms by synchronous message passing systems.
Since in a synchronous mobile agent algorithm A in one round a mobile agent can ex-
ecute a place and traverse a link, in the simulation algorithm D each token is received,
processed and sent in one round by a process. Therefore, for every execution £p of the
simulation algorithm D in the message passing system (P, C, \’) there exists an execu-
tion £ 4 of mobile agent algorithm A in the mobile agent system (A, P, S, 7, A), where
each state of each round of £p corresponds to a state in £/ 4 in the same round. Thus,
the round complexity(time) of the simulation algorithm D is the same as the round
complexity(time) of algorithm .4 and the message complexity and space complexity of
D is as presented in section

We note that the simulations that will be presented in chapter ?? of mobile agent al-
gorithms with faults by message passing systems with faults, can be similarly modified
and applied to the synchronous systems as well.

2.3 Simulation of a MP Algorithm by a MA System

In this section the mobile agent simulation algorithm of the message passing algo-
rithm will not be described by an enumeration of the states and events, as in section
R.1,, but by pseudo code [B2]. The idea on simulating a message passing algorithm
through a mobile agent algorithm is to make each agent responsible for executing the
computational steps of a group of processes of the message passing algorithm.

Chalopin et al. proposed in [9] a procedure to simulate a message passing algorithm
D on the system (P, C, A\) = (V, E, §, \) to a mobile agent algorithm .4, on the system
(AP, S, mg, A), where S = (V, E, §), there is one execution place p € P on each vertex
of V, A is a set of £ > 1 asynchronous anonymous mobile agents, 7 is any function
A — Vand XN(p) = A(p), p € V and X' () =, Yoo € A. In this procedure, even
though agents and execution places might be anonymous, each agent € A is able to
compute a tree T, subgraph of GG, by taking advantage of the edge labelling function
0. We call Ty, the territory of agent . Then each mobile agent o € A is responsible
for simulating the execution of the local algorithm D,, for each of the corresponding
process p € T, in his territory.

Partial Graph Traversal for the Construction of 7,

For the construction of T,,, each agent « starts from its homebase and begins a par-
tial graph traversal. Since the system is anonymous, each agent stores in the variable
(queue) ePath the labels of the links traversed and when the agent wants to backtrack,
he dequeues a link from e Path and traverses that link. For each execution place u, on
u's whiteboard there is a variable visited, which takes the value "yes", if at least one
agent has visited u, otherwise takes the value "no". Initially, visited,, < "no", VYu €
V. Similarly, for each execution place u, for each link §,,(v), v € Ng(u) there is a vari-
able traversed, where initially traversed, (6, (v)) < NULL, Yu € G Vv € Ng(u),
which takes the value traversed, (6, (v)) < "T" if it has been explored and belongs
to a spanning tree of an agent, otherwise if it is explored but does not belong to any tree
traversed, (0, (v)) < "NT"
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Each time agent « located at u € V/(G) traverses an unexplored link {u,v} € E, it
marks it as explored, then visits vertex v € V(G) and adds ¢, (u) in ePath. If v is unvis-
ited, a sets visited,, + "yes", traversed, (6, (v)) < "T" and traversed, (6, (u)) +
"T", symbolizing that {u, v} € T,. Then « chooses an unexplored edge e = {v, w}
such that traversed,(6,(w)) = NULL to continue the graph traversal. If vertex u
is visited, then agent « backtracks to v, by dequeuing the link §,,(v) from e Path, and
sets traversed, (0,,(v)) « "NT" and traversed, (d,(u)) < "NT", symbolizing that
{u, v} & Th,.

When there are no more unexplored links at a current node u, (traversed,, (6, (v)) #
NULL, Vv € Ng(u) ), agent a backtracks, by dequeuing a link from e Path. When,
agent « is located at v € V(@) and e Path is empty, « knows that he is currently at his
homebase. If « is at homebase and there are no more unexplored edges, the partial tree
computation has ended, and by following the links labelled as 7, agent « is able to tra-
verse T, and visit the vertices that correspond to processes for which he is responsible
for simulating their actions in the message passing system.

Remarks: After agents finish the partial graph traversal:

» Every vertex of the graph G has been marked as visited by exactly one agent.
Therefore, for every agent o, § € A it holds that T, N T3 = ()

+ Assuming that the graph of the navigation subsystem is connected, every vertex
will be marked as visited by some agent.

+ Consequently, every process in message passing model is assigned to exactly one
agent in the mobile agent system, and each of the agents is responsible to execute
the assigned processes computations.

o Ifu; € Ty, ug € T, o, € A then every (u;, uz)-path contains at lest one
edge e = {w, z} such that traversed,,(§,,(z)) = "NT".

Message encoding

In the message passing algorithm, the events that can be performed by processes are
to send a message via port j, receive a message via port j and internal events. The
whiteboard of each vertex whiteboard,,, uw € V, has a variable in — buf, , which is
a FIFO queue containing all the received messages that haven't been read yet, and a
variable T BD,,, which is a FIFO queue containing all the messages to be delivered to
neighbours of u.

Send a message m via port j

Let {u, v} € G(E) be a link, such that §,,(v) = j, and suppose that in the local mes-
sage passing algorithm D,, process u sends message m via port j. Suppose that u € Ty,
for some agent o € A. Then the action send message m via link j in the message pass-
ing system will be simulated in the mobile agent system as agent « dequeues message
< j, m > from T BD,, traverses link j and writes in the in — bu f, variable the tuple
< d,(u), m > and backtracks through link ¢, (u). Agent « is able to write in the in-buf
variable of vertex v, although vertex v doesn't necessarily belong to T,.

Receive a message m from port j
Let u € G(V) and agent o € A located at u. The action receive a message m from
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port j of the message passing algorithm is simulated in the mobile agent algorithm as
dequeuing < m, j > from the in-buf variable, and then continuing with the corre-
sponding computations of algorithm D,, on process .

Internal events:
For each internal event in the state of the process agents apply this events to the state
of the corresponding execution place.

Procedure for simulating a message passing algorithm on a mobile
agent setting

Algorithm 1 Simulation of a MP algorithm on a MA system [J]

Step 1: Each agent « constructs a tree T, which is result of partial graph traversal
described before. This leads to a spanning forest of k trees, where each vertex v €
V(G) belongs to exactly one T, for some agent .

Step 2: Agent a executes the message passing algotihm D,, on the vertices v € T,.
Each time T, is traversed by agent «, on every vertex v € T,, d > 1 computational
steps of D, are executed.

Termination Detection

Although algorithm [I| of the mobile agent system (A, P, S, 7, \') simulates algorithm
D of the message passing system(P, C, ) = (V, E, §, A), it does not inherit the termi-
nation property of algorithm D. Therefore algorithm [l should be modified so that if the
simulated algorithm has the termination property, implicit or explicit, then the simula-
tion algorithm has also the termination property, implicit or explicit respectively.

After each agent a € A traverses T, and executes all computational steps of D,
atv € T,, « returns at his homebase and becomes passive. In the event that a mobile
agent 5 # «, € A writes a message in the in — buf variable of a vertex u € T,,
agent 3 should be able to wake up or notify agent « that there are more computations
to execute on u € T,,.

For that reason, for each execution place u € Ty, Vo € A, the variable visited,, is
replaced by a variable fatherlink,, that takes the values:

NULL, if u has not been visited yet
fatherlink, = < —1, if u is homebase of «
0y (u,v), if v is the father of u in T,

In this way, every agent 3, that writes a message on u € Ty, is able to reach the home-
base of « and wake up agent c. Additionally, every vertex that is homebase of an agent
has a variable fState,, which is the token "Finished" or the token "NotFinished",
and indicates whether there are more computations to be executed on the vertices of T,.
Initially fatherlink, = NULL, Yu € V and fStatey, () = "NotFinished",Va €
AL
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Algorithm 2 Tree construction of 7, by mobile agent « € A

Initially fatherlink, < NULL, Vu €V
traversed, (0, (v)) <~ NULL Yu,v s.t. (u,v) € E

On wake up agent « € A is at homebase my(«r) € V and executes:
fatherlink () < —1
ePath + ()
u + 7o ()
m(a) = mo()
while 3v € N (u) s.t. traversed, (6, (v)) == NULL or ePath # () do
if v € N, (u) s.t. traversed, (6, (v)) == NULL then
m(a) v > agent migrates to v
ePath.enqueue(d,(u))
if fatherlink, = NULL then
fatherlink, = 6,(u)
traversed, (6, (u)) < "T"
U< v
else
traversed,(d,(u)) < "NT"
(u,v) « ePath.dequeue()
m(a) + u > agent backtracks to u
traversed, (d,(v)) < "NT"
else
(u,w) < ePath.dequeue()
m(a) + w > agent backtracks to w
traversedy, (0, (u)) < "T"
U4—w

The total number of agent moves of algorithm P is 2 - E (@), since every edge of
the graph G will be traversed by exactly one agent and exactly 2 times, once while
exploring and once when backtracking.

The procedure that simulates a message passing algorithm D to a mobile agent
algorithm A is described in algorithm B.
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Algorithm 3 Simulation of a terminating MP algorithm by an MA system [9]

Step 1: Each agent o executes the partial graph traversal of algorithm [ and con-
structs a tree 7,,. This leads to a spanning forest of k trees, where each vertex
v € V(G) belongs to exactly one T, for some agent « € A.

During that stage, when agent « backtracks from a vertex u € Ty, the fatherlink,
of w is set to the dequeued value of e Path.

Step 2: Agent « executes the message passing algorithm D on the vertices of T4,.
Agent « begins a traversal of T, if and only if the fState of its homebase is
"NotFinished", otherwise o becomes passive.

When « begins a traversal of T, « sets the fState of its homebase to "F'inished"
and on every vertex v € T, executes d > 1 computational steps of D.

If agent «v delivers a message from vertex u € T, to vertex v € Tjg, then writes the
message < m, d,(u) > in the in — buf variable v and follows the father Link of
v to reach the homebase w of agent (.

If the fState of w is "Finished", « sets fState,, < "NotFinished" and if 3 is
"passive", agent & wakes him up and changes his state to "active".

Proposition 2.6. [9] Let D be a message passing algorithm implemented on the mes-
sage passing system (P, C, \), where C = (V, E,¢). Then algorithm 3 implemented
on mobile agent system (A, P, S, mg, \'), where S = (V, E, §) simulates algorithm D.

Proof. By the construction of the simulation algorithm [§ we note that for every exe-
cution £ of algorithm B in the mobile agent system (A, P, S, my, \’) there exists an
equivalent execution Ep of algorithm D in the message passing system (P,C,\). O

Termination

Lemma 2.7. Let D be a message passing algorithm implemented on the message
passing system (P, C, \), where C = (V, E, ). If algorithm D has the termina-
tion property then the simulation algorithm J§ implemented on the mobile agent system
(A, P, S, mo, \'), where S = (V, E, §) has the termination property.

Proof. Algorithm B simulates algorithm D, therefore for every execution £ of algorithm
there exists an equivalent execution Ep of D.

If algorithm D terminates implicitly then all processes eventually become passive
in £p and Vu € P there is no applicable event. Hence, there exists a time in execution
& such that all simulated events of algorithm D have been executed and there is no
applicable simulated event for every u € P. By the construction of algorithm B, each
agent & € A is either passive or will eventually become passive after finishing the
traversal of T, and arriving at homebase,,.

If algorithm D terminates explicitly then at least one process u € P detects ter-
mination in £p ; i.e. that all processes have their final values. By the construction of
simulation algorithm B, eventually some agent o € A located at . € P detects termi-
nation ; i.e. that all whiteboards have their final values.

Hence the simulation algorithm 3 terminates explicitly. O
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Complexity
Space Complexity

Proposition 2.8. Let D = (F,),cp be a message passing algorithm implemented on
the message passing system (P,C, \), where C' = (V, E,6). Let A = (F5)aca pep
be the mobile agent algorithm § on the mobile agent system (A,P),S, 7o, N/, where
S = C. Then the local space complexity of agent & € A is:

LocMemAg(a, A,S) = O(|V] - log A + max Iml)
me

where A is the maximum degree of the graph and m is the size/bits of messages m € M,
and the local space complexity of execution place p € P is:

LocMemW B(p, A,S) = O(A) + Bit(D, C) + LocMem(D, C)

where Bit(D, C) is the total bits of messages exchanged D and LocMem(D, C)) is
the local space complexity of the message passing algorithm.

Proof. When executing algorithm [, each agent needs to have enough memory: to store
the links traversed (e Path variable) in order to be able to return to homebase,,, to store
the messages to be delivered (one message per delivery) when simulating the send event
of process u € T, and to simulate the receive and internal events of process u € Ty,.
Therefore the notebook memory of agent « (LocMemAg(a, A, S)) should be enough
to:

* store ePath — O(n - log A), where A = max,cqvydeg(u)
* store messages to be delivered: O(max,,cn |m|)

« store fStsate variable — O(1).
(whether the agent is active or passive)

The whiteboard of each execution place u € P (LocMemW B(p, A, S)) corresponds
to the memory of process u and should have enough memory to store:

* variable visited,, — O(1).

* variable fatherLink, — O(logA), A = max,cq(v)deg(u)
(the link of the father of w in the tree T3,) .

* variable traversed,: O(A),

* in — buf, variable — Bit(D, C)
(the incoming messages: total number of bits that process u received in message
passing algorithm D)

e TBD,, variable — Bit(D,C)
(the outgoing messages: total number of bits process u sent in message passing
algorithm D)

« the states of process u € P in D — LocMem(D, C)
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Move Complexity

The number of agent moves required for the simulation depends on:
* the number of messages exchanged in the message passing algorithm

* the number of agents, the graph topology, and therefore the size and depth of each
tree T, constructed by agent «v

 the number of computational steps executed on each vertex u € T, on each
traversal of Ty, by agent «, which depends on the message passing algorithm D.

Depth of the tree:
Assume that the mobile agent system has k agents o, - - - , , and each agent «; per-
forms t,,, traversals of T;,, and then terminates.

If agent cv; simulates the action send a message from vertex u € T, to vertex v € Tj,,
where j is not necessarily different from ¢, then the number of steps required by agent
«; 18:

* 2 steps, one to arrive to vertex v and one to backtrack to u, and continue compu-
tations on v or move to the next vertex of T,

« In the case of simulation with termination (algorithm B)), agent c; needs to reach
homebase of agent o; and then backtrack to vertex v, which requires at most
2 - depth(T,,;) moves.
Remark: If agent o simulates the event send message m from w to v, if edge {u, v}
is marked as T, then agent o knows that v € T, and can omit going to its homebase,
by having an extra local variable fState,, < "NotFinished". If edge {u, v} is marked
as NT, then agent a doesn't know that v € T, and has to follow fatherlink to reach its
homebase.

Therefore, if the total number of messages exchanged in the message passing algorithm
D is MSG(D, C), then the total number of moves of agents to simulate the actions of
sending messages is at most:

Move(A,S) = (MSG(D, C)-(2+2- ie{max k}{depth(Tai)})>

Size of the tree

On step 1 of algorithms [l and J every agent «; traverses 1, t,, times and then termi-
nates. For every traversal of Ty,,, a; needs 2 - |V (T, )| moves to reach its homebase.
Therefore the total number of moves performed by all the agents is at most:

k
2. 1B +2-5 ta, - |V(Ty,
£ ; V(Ta,)

construction of T’

+MSG(D,C)-(2+2- max }{depth(Tai)})=

i€{l,....k

traversal of Ty, message delivery

= O(|E| + MSG(D.C) - |V])
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T T

hs

Figure 2.2: Example of tree construction of agents «, 5 € A

Proposition 2.9. Let D = (F,),cp be a message passing algorithm implemented on
the message passing system (P,C, A), where C' = (V, E,6). Let A = (F))aea pep
be the mobile agent algorithm [ on the mobile agent system (A, P),S, 7o, \/, where

S = C. Then the move complexity of algorithm A is:

TotalMove(A,S) = Z Move(a, A,S) = O(|E| + MSG(D,C) - |V])
a€A

where M SG(D, C) is the message complexity of algorithm D on communication sys-
tem C.

Remark: The simulation of message passing algorithm to mobile agent algorithm
described in algorithm 2 is general and applicable to every message passing algorithm.
However it is not always the most efficient in time complexity and in the total number
of agents' moves.

For specific message passing algorithms more efficient simulations can be designed
to reduce the number of agents' moves. For example Suzuki et al. in [31]] present for
the problem of gossiping a simulation of the message passing algorithm to a mobile
algorithm that terminates within 2- M SG(D, C') moves of agents, where M SG(D, C')
is the total number of messages exchanged in the message passing algorithm.
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2.4 Simulation of synchronous MP Algorithm by a syn-
chronous MA System

The simulation presented in chapter 2.3 can be modified so that it can simulate a syn-
chronous message passing algorithm by a synchronous mobile agent system. In the
modified simulation algorithm one round of the message passing algorithm D will be
simulated in multiple rounds of the simulation algorithm .A. More precisely, in each
synchronous round r of algorithm D each agent o € A will traverse one time his tree
«. When « visits each node u € Ty,:

+ It will collect and read all the messages that u received in the corresponding
previous round (round r — 1 of algorithm D). If u hasn't received a messages of
round r — 1 from each one of its neighbors, then agent o will wait until every
neighbor of u sends a message for round r — 1.

* Then it execute the local algorithm A, writes the messages to be sent in the
TBD, variable and delivers the messages of round r in the neighbors of u, as
described in section .3. If in the local algorithm A,,, u doesn't send a message
to a process v € Ng(u), then agent «v delivers a null message to v. Then agent
« repeats this procedure at the next node of his tree 7.

We note that the time that agent @ € A will have to wait at node w at round r — 1 to
receive all the messages from round r — 1 is finite since if agent is waiting for a message
from neighbor v from round r — 1 then:

 Ifv € T,, then the message must have already been delivered, since a has already
delivered all messages of nodes of T, for round r — 1.

» Ifv € Tg, B # o € A, then agent 3 is executing round r — 1 of algorithm D,
since otherwise this would imply that agent o could not be executing round 7.
Therefore, in finite time agent 5 will deliver the messages of round » — 1 of the
local algorithm Dr-.

Complexity
Time/Round Complexity

Let H, = T, U{Ng(u) : u € T,} be the subgraph of G containing the tree T,, and
the neighbors of the vertices of T, and let E(T,,) and E(H,,) denote the set of edges
of T, and H, respectively. For every round of algorithm D simulation algorithm .4
requires:

* 2-maxqea |Tn| agent rounds for the partial tree traversal of T}, and the delivery
of the messages in 7,

* For the message delivery:

— Yu € T,, the messages with recipient u can be delivered to v during the 7T,
traversal.

— Yu € |H, \ T,,| the messages with recipient u require |E(Hy) \ E(T4)]
additional rounds for the message delivery.
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Therefore if the round complexity of algorithm D is R then the worst case round com-
plexity of the simulation algorithm A is:

Time(A,S) = Time(D,C) -2 - max |To| + |E(Hy) \ E(Ty)]

Move Complexity of agents

The total moves performed by the agents on the execution of A is:

TotalMove(A,S) = Y~ Move(a, A,S) = Time(D, C)-( > (2:|Tal|+2| E(Ha)\E(Ta)]))
a€A a€A

= Time(D,C) - (2-n+4-|E@G)\{|J E(T.)I})
acA

where Time(D, C) is the time/round complexity of algorithm D on communication
system C. Therefore the total moves performed by the agents are:

TotalMove(A,C) = O(Time(D, C)-|V|+ |E|)
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CHAPTER 3

L SIMULATIONS AMONG ADVERSARIAL MA AND
MP MODELS

3.1 Simulation of a MP Algorithm by MA when agents
might crash

A typical and realistic type of fault that can occur in the mobile agent model are crash
failures of mobile agents, i.e. when some mobile agents crash and stop executing the
mobile agent algorithm. Das et al. [[L3] proved that a message passing algorithm can
be simulated in the mobile agent system even when agents might crash unexpectedly
while traversing an edge, as long as at least one agent survives. They provided two
algorithms in their work, one for the non anonymous setting and one for the anony-
mous setting, where neither agents nor execution places have unique identifiers. Their
proposed algorithm for the anonymous setting, AnSimulate [[13], simulates a message
passing algorithm in an anonymous mobile agent system with & mobile agents and at
most k& — 1 crash failures.

In the setup phase of algorithm [, agents run a partial graph traversal algorithm to
obtain their territories, similarly to algorithm B. Then, in algorithm § AnSimulate ,
each agent simulates the message passing algorithm on his territory and at the same time
checks neighboring territories to see if there are any dead agents, by checking the delay
of delivering the messages. If in a neighboring territory there is a slow or dead agent,
the agent annexes the territory to his territory and continues simulating the message
passing algorithm at the expanded territory.

The partition of the territories is self-balancing and even though some agents might
crash, the algorithm ensures that the simulation proceeds correctly on every execution

place and the work is equally distributed among the surviving agents.
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Algorithm 4 AnSimulate [[13]

Phase 0:

Each agent o executes algorithm B to construct partial spanning tree T},, which is
the agent's territory. This leads to a spanning forest of k trees, where each vertex
v € V(QG) belongs to exactly one T, for some agent «.

Let n,, be the size of T,.

Agent « traverses T;, and executes algorithm D,, on p € T,. o updates state, and
if message m needs to be sent through port j, « appends (m.j) to T'BD queue.

for Phase 7 > 1: do
Step 1: Agent o € A (if alive) does a dfs traversal on tree 7;, and on each
execution place p € T, it visits:
if TBD,, # () then
o delivers the messages of TBD,,

if state, = "processing" then

o continues with the local computations of algorithm D,,
if in — buf # () then

« receives the messages from in — bu f
if TBD = (Qandin —buf =0 then

state, <" TERM’'

fState, = Finished

Write DON E(i,n,) on whiteboard,
if ANNEXED, () = (j,ng,pathto(¢’))" then
« traverses pathto(e’) to arrive to node w and sets traversed, (e’) < "T"
Na < Na +Ng
Ty T +{e}+ 15
ANNEXED, o) = NULL
Go to step 3

Step 2: Agent a € A starts a dfs traversal of its territory T,,. During the traversal
for each external edge (i.e. e € F such that traversed, (e¢) = NT for some u € T,)
it traverses the edge e = {u, v}, and reads DONE(j, ng)
if j <ior(j=1iandng < n,) then
Go to homebase of 5 € A (by following fatherlinks)
if ANNEXEDpomebase; = NULL then
ANNEX EDpomebases < (isNa, pathto(e))
Ng < Ng +Ng
To < To+{e}+ T3
Step 3: Agent o € A updates territory 7Ty, to include all territories it annexed
and those annexed by the agents it defeated.
The fatherlink of each node in T, is updated and n,, is modified accordingly.
if fState, = "Finished" Vu € T, then
Execute termination detection algorithm H§
else
Go to phase i + 1

Ipathto(e’) is the path that contains edge labels from 7o (c) to e’
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Algorithm 5 Termination Detection [[13]

for =1 to k do do
if Ju € T, such that fState # "Finished" then
return false
else
fState,, < "Finished(r)", Yu € T,
for ecach ¢ = {u,v} € E such that u € T, traversed,(d,(v)) ="NT" do
traverse e to arrive atv € T, 3 € A
if fState, # "Finished" then
return false
else if fState = "Finished(j)" and j < r then
go to homebaseg
if fStatenomebase; 7 "Finished(r)" then
[Statenomebasey < "Finished(r)"
merge T, and T3

if » = k then
return true

Proposition 3.1. [|13] Let D be a message passing algorithm implemented on the mes-
sage passing system (P, C, \), where C' = (V, E,§). Then algorithm AnSimulate }
implemented on mobile agent system (A, P, S, 7y, \'), where S = (V, E,d) and at
most |A| — 1 = k — 1 agents crash, simulates algorithm D.

Proof. By the construction of the simulation algorithm | we note that for every execu-
tion & of algorithm [ in the mobile agent system (A, P, S, 7y, A\’) where at most k — 1
agents crash:

* Yu € V Jda € A such that u € T, in phase 0.

* Yu € V da € A such that u € T, in phase i > 0, where A is the set of alive
agents.

* at least one agent survives and (J T, = V,where A is the set of alive agents.

a€A

Therefore, exists an equivalent execution Ep of algorithm D in the message passing
system (P, C, \), since the algorithm [ ensures that at least one agent will survive and
correctly continue the simulation. O

Termination

Lemma 3.2. [[13] Let D be a message passing algorithm implemented on the mes-
sage passing system (P, C, \), where C' = (V, E, §). If algorithm D has the termina-
tion property then the simulation algorithm { implemented on the mobile agent system
(A, P, S, m, A'), where S = (V, E,§) and at most k — 1 agents crash, terminates
explicitly.

Proof. Algorithm fi simulates algorithm D, therefore for every execution € of algorithm
there exists an equivalent execution Ep of D.

If algorithm D terminates implicitly or explicitly then all processes eventually be-
come passive in Ep and Yu € P there is no applicable event. Hence, there exists a
time in execution &£ such that all simulated events of algorithm D have been executed
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and there is no applicable simulated event for every u € P. Therefore the termination
detection algorithm [J will return true, since every message has been delivered and there
are no messages in transit.

Hence the simulation algorithm [ terminates explicitly. O

Complexity
Space Complexity

Proposition 3.3. Let D = (F,),cp be a message passing algorithm implemented on
the message passing system (P, C, \), where C = (V, E, §). Let A be the simulation
mobile agent algorithm # and S = C. Then the local space complexity of each agent
is:
LocMemAg(a, A,S) = O(|V| - log A + max Iml)
me

where A = max,cy deg(u) and |m| is the size in bits of message m € M and the local
space complexity of each execution place is:

LocMemW B(p, A,S) = O((A) + MSG(D,C) + LocMem(D, C))

where M SG(D, C) is the message complexity and LocMem(D, C) is the local space
complexity of algorithm D implemented on communication system C'.

Proof. The local memory requirements of each agent and execution place is similar
with the proof of proposition 2.§ O

Move Complexity

Proposition 3.4. Let D = (F,),ecp be a message passing algorithm implemented on
the message passing system (P, C, \), where C = (V, E, §). Let A be the simulation
mobile agent algorithm {j and S = C'. Then the move complexity of each agent o € A
is:

Move(a, A,S) = O((|E| + |V| - k) - MSG(D, C))

. Therefore the move complexity is for all the messages exchanged in algorithm D is
O((|E| + |V]- k) - MSG(D,C)), where MSG(D, C) is the message complexity of
algorithm D.

Proof. The complexity overhead of algorithm §| AnSimulate is O((|E| + |V'|k)) for
each message exchanged in algorithm D, where |E| is the number of edges, |V is the
number of nodes in the graph,  is the initial number of mobile agents and M SG(D, C)
is the total number of messages exchanged in the message passing algorithm D. O

Fault Tolerant simulation of Message Passing Algorithms in the non
Anonymous setting

In the non anonymous case, where agents and execution places have unique identifiers,
the authors of [[13] proposed the fault-tolerant algorithm DisSimulate, to simulate
any message passing algorithm by a mobile agent system, which is more efficient in
terms of agents moves. The overall agent moves of DisSimulate is O((|E| + |V] -
MSG(D,C)) - k), where |V] is the number of processes/execution places, |E| is the
number of links, k = |A| is the total number of agents and M SG(D, C') is the number of
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messages exchanged in the message passing algorithm D on the communication system

C.

This was later improved by Gotoh et. al. in [[L19], where they proposed a fault-
tolerant algorithm for the non-anonymous case that simulates any message passing al-
gorithm with O((|E| + M SG(D, C)) - f) total agent moves, where m is the number
of links, M SG(D, C) is the number of messages exchanged in the message passing
algorithm and f < k — 1 is an upper bound on the number of crashed agents.

3.2 Always Dead Processes in MP (ADP-MP) and Black
holes in MA (BH-MA)

3.2.1 MP Model with Always dead Processes (ADP)

In the message passing model an Always dead process (ADP) (or initially dead pro-
cess [[17] or initial failures ) is a type of benign failure. An always dead process is a
process that does not execute a single step of the algorithm [32]. A message passing
model with always dead processes is defined by (P, C, D, \) where:

* P, C, ) are as defined in section
* D C P isasetof always dead processes or faulty processes.

« P\ D is the set of correct or non faulty processes.

Message Passing algorithm with always dead processes

A message passing algorithm with always dead processes is defined as in section
with the modifications that Vd € D, d does not execute any event, hence the local
algorithm D, will have no events and the state(d) will remain the initial state A\(d) .
Without loss of generality, we can assume that every message m that is sent to and ADP
is ignored and is removed from the list of messages in transmission. This is modelled
as an ignore event:

(A(d), in, m) Fq (A(d), 0, L)

where A(d) is the initial state of process d, in is the port through which m is received.
M < M\ {p, m,d} where p € P is such that d4(p) = in

The termination property is modified to depend only to correct processes, regardless
of the faulty behavior of the always dead processes.

The interaction of an always dead process with the message passing communication
system is depicted in figure B.1. Every message that arrives to the always dead process
from the communication system is ignored. Therefore without loss of generality, the
interface of the message passing system contains also the ignore events of the always
dead processes, as depicted in figure B.2
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Always dead process

de D
A

Ignore event
process d receives message m
through port ¢n and ignores it
(AMd),in,m) Fy (A(d),0, 1)

Message Passing
Communication System
C=G(V,E,))

Figure 3.1: The interface of an Always Dead process with the message passing com-
munication system. When a message m is received by d € D, it is ignored and the state
of the process d doesn't change.

A A
Send event Receive event A% D
process p ¢ D sends m process p ¢ D receives m P ,
through port out through port in throuz:l??(\)/:ts’ijlzsnsg %gl:::res it
(¢,0,1) F, (d,out,m) (¢,in,m) , (d,0, 1) (A(d), in, m) -y (\(d),0, L)
Y

Message Passing System

Figure 3.2: The interface of a Message passing system with always dead process. The
inputs of the message passing system are the send events and the outputs are the receive
events and the ignore events.

3.2.2 MA Model with Black holes (BH)

In the mobile agent model a black hole (BH) is a type of stationary host attack. More
precisely, a black hole is a stationary process located at an execution place b € P that
destroys every agent that visits b, without leaving any observable trace to the surviving
agents.

A mobile agent system with a set of black holes is defined as (A, P, B, S, mo, A) where:
« A, P, S, X are defined as in section [[.3.

* B C Pis aset of black holes that destroy any visiting agent without leaving any
trace.

» P\ B is the set of safe execution places

» mp : A — P\ B agents are initially located on safe nodes/execution places.
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Mobile Agent Algorithm with black holes

A mobile agent algorithm with a set of black holes is defined as in section |13 with the
following modifications:

» The set Q4 of possible states of the agents contains a special terminal state s,
that indicates that an agent died when visiting a black hole b € B

* When agent o € A visits a black hole b € B the only applicable event is the
destroy event:

(87 qBH? Zn) F? (SBH7 qBH7O)

where s is the old state of agent a € A, ¢ is the old state of b € B, in is the port
through which « arrived to b, s,,, is the new and terminal state of « and ¢’ is
the new state of b € B and there is no other applicable event that involves agent
a€cA

« after a destroy event of agent o € A on black hole b € B:
M « M\ {(p', @, b)} where p’ € P is such that 6, (p’) = in
m(a) L
A+ A\ {a}

* The termination property is modified to depend only to the surviving agents, i.e.
agents that are not destroyed by the black hole.

The interaction of a black hole b € B with the mobile agent communication system
is depicted in figure B.3. Every agent that arrives to the black hole from the navigation
system is destroyed. Therefore without loss of generality, the interface of the message
passing system contains also the destroy events of the black hole, as depicted in figure

Black Hole

beB
A

Destroy event
agent « arrives at black hole b € B
through port in and is destroyed

(57 PR in) }_g (SBH yApm> 0)

Mobile agent
Navigation System
S=G(V,E,?)

Figure 3.3: The interface of a Black Hole with the mobile agent navigation system.
When an agent o € A arrives at b € B, it is destroyed, without leaving any trace.
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A
Depart event Arrive event Destroy event
agent « departs fromp ¢ B agent « arrives atp ¢ B agent «v arrives at b € B
through port out through port in through port in and gets destroyed
(87 q70) Fg (S/7q/7OUt) (87 q7 7/77/) }_g (S/7q/70) (S‘ (]Ifll'ri]l) }7;)){ (b‘lfll"qlﬁll'r()>
Y

Mobile Agent System

Figure 3.4: The interface of a Mobile agent system with black holes. The inputs of
the mobile agent navigation system are the depart events and the outputs are the arrive
events and the destroy events.

3.3 Simulations among BH-MA and ADP-MP model

3.3.1 Simulation of a BH-MA algorithm by an ADP-MP algorithm

A Mobile agent algorithm, resilient to a set of black holes |B|, where at most k — 1 =
|A| — 1 agents are destroyed, can be simulated by a message passing system with a
set D of at most |B| always dead processes. The idea of the simulation is similar with
section 2.1|. In the case that in the message passing system a process p € P\ D sends
a message/token to an always dead process, the message is ignored but the simulation
algorithm remains resilient, since this corresponds to the arrival and destruction of an
agent to a black hole in the mobile agent algorithm. Therefore, since in the mobile agent
algorithm at most k£ — 1 agents are destroyed by the black holes, then in the simulation
algorithm, the simulation will proceed correctly despite the loss of the tokens sent to
always dead processes.

Furthermore, it is possible to simulate black holes by always dead processes. When
an agent arrives at a black hole, the only applicable event is the destroy event, where
the agent is destroyed, so in the simulation by an always dead process every incoming
message is ignored, and the state of the always dead process does not change.

More formally, let (A, P, B, S, 7y, A) be a mobile agent system with a set of black
holes B, where S = (V, I, §) is the navigation subsystem and A = (- )aea, pep. The
mobile agent algorithm A can be simulated in the message passing system (P, C, D, \)
in algorithm D defined as in section 2. 1| with the following modifications:

» Each non faulty process p € P\ D of the message passing system corresponds
to a safe execution place p € P\ B of the mobile agent system and executes
algorithm D,, as defined in section 2.1

 Each always dead process b € D of the message passing system corresponds to
a black hole b € B.

* Ifatoken (), @ € A is sent to an always dead process, then it is ignored.

» Without loss of generality we can assume that when a message/token is sent to
an always dead process in the simulation algorithm D then it is removed from
the set M of messages in transit.

Proposition 3.5. Let A = (F))aea, per be a mobile agent algorithm implemented
on the mobile agent system with black holes (A, P, B, S, mg, A). Let D = (D,)pepr
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be the message passing algorithm defined above on the message passing system with
always dead processes (P, C, D \').

Then algorithm D of the message passing system (P, C, D, \') simulates algorithm A
of the mobile agent system with respect to the non faulty processes.

Proof. Let £p be an execution of algorithm D,,, p € P in the message passing system
(P, C, D, \), f the simulation relation and h the events' mapping described above. By
the construction of algorithm D,, from algorithm A of the system (A, P, B, S, m, A)
we note that:

Lo fN)N I #£0

2. If s = (state;, M;), for some i € N is a reachable configuration of D, u €
fls),u= (state;“, M, m;), € N is a reachable configuration of A and = is an
applicable event on s that changes the state from s to s’ = (state; 11, M;1)
then:

« If 7 is a send event from p € P, where state;(p) = (¢, 1,7) # (q5,,1,7)
top’ € P:
((qa 1u 7‘)7 07 J—) l_P ((q/v 07 ﬁ)a OUt> ’I"/)

where state; +1(p) = (¢/,0,8) and M; 11 = M; U {(p,r’,p’)} then for the
depart event 7’ of A:

(r,q,0) 5 (r',q', out)

on the execution place p € IP with state;-“(p) =q# quu» state;“(a) =r,
mj(a) = p and statefﬂ(p) = ¢, stateﬁrl(a) =1, Mj;; = M; U
{(p,a,p")}, mj41(a) =L, we have that

u = (statef+1,Mj+1,7Tj+1) € f(s)
h(r")y ==

« If 7 is a receive event of p € P, where state;(p) = (¢,0,8) # (¢z4,0,8)
from p’ € P

((q7 07 ﬁ)V Zn? 71) l_P ((q/7 ]‘7 /,1/)7 07 J—)

where state;11(p) = (¢’,1,7') and M, 11 = M; \ {(p/,r,p)} then for the
arrive event 7’ of A:

(r,q.in) =5 (', 4, 0)

on the execution place p € P with statef(p) = q, state;“(a) =r,
mj(a) =1 and statef+1(p) = q, stateﬁrl(a) =7, My = M\
{(p’,a,p)}, mj41(c) = p, we have that

u = (statef+1,Mj+1,7Tj+1) € f(s)
h(r") ==
¢ Ifrisaninternal eventof p € P,where state;(p) = (q,1,7) # (qzy, 1,7):
((¢:1,7),0, L) F, ((¢', 1,77),0, 1)
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where state;11(p) = (¢’,1,7') and M; 1 = M; then for the internal
event 7’ of A:

(r,q,0) 5 (', q',0)

on the execution place p € P with states'(p) = g, states'(a) = r,
7j(a) = p and statej‘ﬂ(p) =, statefﬂ(oz) =7, Mj;; = M,
mi+1(a) = p, we have that

uw = (Stat€f+1,Mj+177Tj+1) € f(S/)
h(r") ==
 If 7 is an ignore event of p € D from p’ € P:

((qBH’07 ﬁ)’ln7 ’r) }_P ((QBH7O’ ﬁ)70’ J—)

where state;(p) = state;+1(p) = (¢z,,0,8),and M; 11 = M\{(®',r,p)}
then for the destroy event 7’ of A:

(r,q,in) By (.4, 0)

on the execution place p € P with state;“(p) = stat6f+1(p) = 4gu>
state' (o) = 1, mj(a) = mjq1(a) =L and , My = M; \ {(p/, o, p)},
we have that

u' = (Statef—i-l?Mj-f-th-‘rl) € f(sl)

h(n") ==

Therefore, since |D| < |B|, for any applicable event = we have that there exists
an execution segment €4 of A such that: h(trace(£4)) =7

Hence, by definition the message passing system (P, C, D, \’) simulates the mo-
bile agent system (A, P, B, S, g, A) O

Simulation of a BH by an ADP

In the simulation of a Mobile Agent Algorithm by a Message Passing System, it is
possible to simulate the black holes by an always dead process. In this case the initial
state of the always dead processes is (¢, ,,), 0, f) and the destroy event of agenta € A
by a black hole b € B:

(8,4pm>11) Fy (Spy» 5w, 0)

is mapped in the message passing system as an ignore event of b € D in algorithm D:

((qBH’ 0, ﬁ)’ in, S) Fb ((qBH>7 0, ﬁ)v 0, J—)

We note that after the destroy event agent o terminates and won't be involved in any
other event. In the simulation the destroy event is not translated as an event since token
t(a) will be ignored by b and there will be no other event involving token ¢(c). The
simulation of a black hole by an always dead process is depicted in figure .6
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Termination

Lemma 3.6. Let A = ()aca, pep be a mobile agent algorithm implemented on the
mobile agent system with blackholes (A, P, B, S, mg, A). Let D = (D,)pep be the
message passing algorithm defined above on the message passing system with always
dead processes (P, C, D X'). If algorithm A has the termination property then algo-
rithm D has the termination property.

Proof. Algorithm D simulates algorithm A with respect to the faulty processes, there-
fore for every execution Ep of D with a set of always dead processes D there exists an
equivalent execution £ 4 of A with a set of blackholes B.

If algorithm A terminates implicitly then all agents that are not destroyed by the
black holes eventually become passive in €4 and Voo € A located at p € P\ B there
is no applicable event of the relation -. By the mapping of events in the simulation
message passing algorithm D it is implied that Vp € P\ D there is no applicable event
of the relation -, on the execution £p. Hence D terminate implicitly.

If algorithm A terminates explicitly then at least one agent o € A located at p €
P\ B detects termination in £ 4 ; i.e. that all execution places have their final values.
By the construction of D, process p € P\ D with token () detects termination ; i.e.
that all processes have their final values. Hence D terminates explicitly. O

Remarks: The simulation of a mobile agent algorithm .4 of the mobile agent system
to a message passing algorithm D of the message passing system as described above is
similar to the simulation in section R.1. By the construction of the simulation algorithm
D there is a correspondence between the whiteboard,, p € P\ B and the local memory
of the corresponding process p € P \ D, between notebook,,, of mobile agent o« € A
and the messages exchanged in the message passing algorithm D and between the set
of blackholes B and the set of always dead processes D.

A mobile agent algorithm A that tolerates ¢ black holes has the requirement that
at least one agent survives and completes the problem requirements. Therefore, in the
simulation algorithm D processes will complete the problem requirements by sending
at most £ — 1 messages to the faulty process.

Complexity
Message Complexity

Proposition 3.7. Let A = () )aeca, per be a mobile agent algorithm that tolerates ¢
black holes implemented on the mobile agent system (A, P, B, S, 7o, A), where |B| <
t. Let D = (Dp)pecp be the message passing algorithm defined above on the message
passing system with always dead processes (P, C, D, \'), where |D| < ¢.

Then the total number of messages exchanged during the execution of D is:

MSG(D,C) = Z Move(a, A, S) = Total Move(A,S)
a€A

where Move(q, A, S) is the move complexity of agent o € A in the execution of A.
The total number of messages sent to the set of always dead processes D is at most k-1,
where k = |A|.

The total size of messages exchanged is

Bit(D,C) = Z Move(a, A,S) - LocMemAg(aA,S)
acA
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where LocMemAg(a.A,S) is the local space complexity of agent « € A, i.e. the size
of notebook of a.

Proof. The proof is similar with the proof of proposition 2.3 with the modification that
if in the simulation algorithm D there is a send event to an always dead process b € D,
then in algorithm A agent « € A arrives to black hole b € B and is destroyed. O

Time Complexity

Proposition 3.8. Let A = () )aca, per be a mobile agent algorithm that tolerates ¢
black holes implemented on the mobile agent system (A, P, B, S, mo, \), where |B| <
t. Let D = (D,)pep be the message passing algorithm defined above on the message
passing system with always dead processes (P, C, D, \'), where |D| < tand C' = S.
The time complexity of algorithm D is:

Time(D,C) = Time(A,S)

where Time(A,S) is the time complexity of mobile agent algorithm .4 on the naviga-
tion system S.

Proof. The proof is similar with the proof of proposition 2.4 O

Space Complexity

Proposition 3.9. Let A = (F))sea, pep be a mobile agent algorithm that tolerates ¢
black holes implemented on the mobile agent system (A, P, B, S, g, A), where |B| <
t. Let D = (D,)pep be the message passing algorithm defined above on the message
passing system with always dead processes (P, C, D, \’), where |[D| < tand C = S.
Then the local space complexity of algorithm D is:

LocMem(D,C) = max {LocMemWB(p, A, S)} + max {LocMemAg(a, A, S)}
J4S ac

where LocMemW B(p, A, S) is the local space complexity of execution place p € P
and LocMemAg(a, A,S) is the local space complexity of agent @ € A of algorithm
A on the navigation system S.

The total space complexity of algorithm D is

Mem(D,C) = Z LocMemAg(p, A,S) + Z LocMemAg(a, A,S)
p€EP a€cA

Proof. The proof is similar with the proof of proposition .3 O
The simulation is summarised in tables B.1|, B.2 and figure B.3, and the simulation
of black holes by always dead processes is summarised in figure B.6. The complexity

of the simulation is summarised in table B.3
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Table 3.1: Simulation of Mobile Agent Algorithm A with black holes by a Message
Passing Algorithm D with always dead processes

Mobile Agent Model with black holes

Message Passing Model
with always dead processes

System: (A, P, B, S, mg, A)

S = (V, E, ¢) navigation subsystem
P or V : execution places,
equipped with a whiteboard
FE : migration ports
Ou : Ng(u) = [1, degg(u)] : ueV
port labelling function
A : initial states of places and agents

A: set of k asynchronous mobile agents.
mo : A — V initial placement of agents.
m: A — V location of agents.

System: (P, C, D, \')

C = (V, E, §) communication subsystem
P or V : asynchronous processes

FE : communication channels
du : N (u) — [1, deg(u)] :

port labelling function
M’ : initial states of processes

Nip) = {(A(p), L A@)),

(Mp)s 0, §),
k tokens
o : initial placement of tokens.
7 : location of tokens.

uevVv

if =«
0@ ,pEP
otherwise

Black hole b € B C P:

a stationary process that
destroys any incoming agent
Sy the state of the destroyed agent

Always dead process b € D C P:

a process that does not execute
a single step of the algorithm.
state(b) = A'(b) during the execution of D

Mobile agent algorithm A

@y : set of possible states of & € A
Qp: set of possible states of p € P

Iy CQa\ {sy,}: setof initial states of «
Ip C Qp: set of initial states of p € P

state?(p), p € P
state(a), o € A

M: multiset of agents in transit

Simulation message passing algorithm A

M =Qa \ {szy}: setof possible messages
Q= Qp X {071} X Qn U {ﬁ}\{SBH}:

set of possible states of p € P
I =1Ip x {0,1} XIAU{ﬁ}Z

set of initial states of p € P

state(p) =
{(state'A(p), 1, state*(a)), w(p) = «

(state(p), 0, 1),
M = M: multiset of messages in transit

otherwise
peP\D
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Table 3.2: Simulation of Mobile Agent Algorithm A with black holes by a Message
Passing Algorithm D with always dead processes

Mobile Agent Model with black holes

Message Passing Model
with always dead processes

Events of the relation - of A

h: events(A) — events(D)

ifpeP\B, o€ A:

departure event:

(s, q,0) 5 (s, ¢, out)
arrival event:

(s, q,in) =5 (s, ¢, 0)
« remains at p:

(s,¢,0)F5 (', 4, 0)

ifpeB

destroy event:
(87 dpu> in) F? (SBH7 qBH7O)

Events of the relation -, of D

ifpe P\ D:

send event:

((q71,s)7 0, J_) Fp ((q’,(),j:t)7 out, s’)
receive event:

((q707ﬁ)a Y:Tl, S) l_p ((q/7 175l)7 03 J—)
internal event:

((¢,1,5), 0, L) Fp ((¢',1,8), 0, L)
ifpeD

ignore event:
((qBH7 0> ﬁ) in? S) '717 ((qBH)7 07 ﬂ)) 07 L)

Table 3.3: Complexity of the Simulation of the Mobile Agent Algorithm .4 with Black
Holes by Message Passing Algorithm D with Always Dead Processes

Message

Complexity N

MSG(D,C) = Z Move(a, A,S) = Total Move(A,S)

Bit Bit(D,C) = Z Move(a, A,S) - LocMemAg(a, A,S)

Complexity a€h
Time . .
Time(D,C) = Time(A,S)
Complexity

Local Space
Complexity

LocMem(D,C) = maﬂ)é{Loc]\/[emWB(oz, A, S)}—i—mag{Loc]WemAg(a, A, S)}
pe ac

Total Space

Complexity peP

Mem(D,C) = Z LocMemW B(a, A,S) + Z LocMemAg(a, A,S)

ach
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Depart event Arrive event Destroy event
agent o departs fromp ¢ B | |agent a arrivesatp ¢ B agent v arrives at b € B
through port out through port in through port in and gets destroyed
(5:4.0) 75 (", out) | | (s.q:im) 5 (5',,0) (52011 1) F§: (55002 0510-0)
Sim
Mobile Agent system
A A
Send event Receive event Ignore event
process p & D sends m = s process p ¢ D receives m = s process b € D receives and ignores
through port out through port in m = s through port in
((g,1,5),0, L) F, ((¢',0,4), out, s") ((q,0,8),in,s) Fp ((¢',1,5),0,L) | ((q,,,.0,8),in, )y ((¢,,,,0.4).0, L)
\

Message Passing system

Figure 3.5: Simulation of Mobile agent system with black holes by a Message Passing
system with always dead processes, where the inputs of the mobile agent system (depart
events) are transformed into inputs of the message passing system (send events) and the
outputs of the message passing system (receive or ignore events) are transformed into
outputs of the mobile agent system (arrive or destroy events). Running the simulation
algorithm on top of the message passing system with always dead processes produces
the same appearance as does running the algorithm on top of the mobile agent system
with black holes.
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Black Hole

beB
A

Destroy event
agent « arrives at black hole b € B
through port in and gets destroyed

(37 qBU? 7:77/) '72 (SBU ) qBH ’ 0)

Sim
Always Dead Process

be D
A

Ignore event
process b € D receives and ignores
m = s through port in
((QBH 0, ﬁ) in, 'S) Fb ((qBH 0, ﬁ) 0, J—)

Message Passing
Communication System
S=G(V,E,0)

Figure 3.6: Simulation of Black Hole b € B of the Mobile Agent system by always
dead process b € D of the Message Passing system. The output event (ignore event) of
the Message Passing communication system to the always dead process is transformed
into an output event (destroy event) of the always dead process to the black hole. The
simulation of the Black Hole b € B by the always dead process b € D produces the
same appearance to the system as the Black Hole

3.3.2 Simulation of an ADP-MP algorithm by a BH-MA algorithm

Let D be a message passing algorithm on the system (P, C, D, A) such that in every
execution of D the total number of messages sent to always dead processes is at most
k — 1,for some k € N. If we wish to simulate algorithm D on top of a mobile agent
system with black holes (A, P, B, S, m, \’), where S = (V, E, X), |A| > k, and
|D| < |B|, the mobile agents should be able to move on the navigation subsystem and
execute the local message passing algorithm D), on each execution place p € P. Due
to the presence of black holes in the system, the partial graph traversal of algorithm J
cannot be applied, since some mobile agents might be destroyed by a black hole during
the partial graph traversal of algorithm [,

In order to overcome this problem, each agent oo € A will execute the local message
passing algorithm D, onp € P and at the same time expand the partial spanning tree T,
each time they simulate the send events of algorithm D,, to unvisited execution places.
Additionally, we have to ensure that even if an agent o € A is destroyed by a blackhole,
the execution places p € T, are assigned to another alive agent to simulate them. For
this reason we will modify algorithm i AnSimulate of [[13], to simulate a message
passing algorithm D that sends at most k¥ — 1 messages to always dead processes in a
mobile agent system with at least & agents and |B| < |D].
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Algorithm 6 Simulation of a Message Passing algorithm D in a Mobile Agent System
with Always Dead processes

Initially:

traversed, (8, (v)) < NULL, Yu, v such that (u,v) € E(G)
fatherlink, < NULL, Yu € V(G)

fatherlinky (o) + —1, Va € A

(o) ¢ mo(a), Yo € A

Ty  {mo(a)}, Yo € A

for Phase ¢ > 1: do
Step 1: Agent o € A does a dfs traversal of T;, and executes the local algorithm
D, oneachu € T,
while TBD,, # 0 do
< u, v, m >+ TBD,.dequeue()
if traversed, (v) # "T" and traversed, (v) # "NT" then
traversed, (v) « "exploring"
() < v > agent o migrates to v
in — buf,.enqueue(< u,v,m >)

if fatherlink, # NULL then

traversed, (6, (u)) «+ "NT" > edge (u,v) is safe and (u,v) ¢ T,
m(a) + u > agent «v migrates to u
traversed, (8, (v)) <+ "NT"

else
fatherlink, < 0,(u)
traversed, (6,(u)) < "T" > edge (u,v) is safe and (u,v) € T,
Ta < U > agent v migrates to u

Agent « executes local algorithm D,, on v

Write DON E(i,n,) on whiteboard,
if ANNEXED ()= (j,np,pathto(e’))! then
« traverses pathto(e’) to arrive to node u and sets traversed, (') < T
Na < Ng + N3
Ty To+{}+ 15
ANNEXED, (4 = NULL
Go to step 3

Step 2: Agent o € A starts a dfs traversal of its territory T,,. During the
traversal for each external edge (i.e. e € E such that traversed,(e) = "NT" for
some u € T,) it traverses the edge e = {u, v}, and reads DON E(j, ng)

if j <ior(j=1iandng < n,) then

Go to homebase of 5 € A (by following fatherlinks)
if ANNEXED;, 3 = NULL then
ANNEXEDq (3 < (i,nq, pathto(e)
Ng < Ng +Ng
To < To+{e}+ T3

Step 3: Agent o € A updates territory T}, to include all territories it annexed
and those annexed but the agents it defeated.

The fatherlink of each node in T, is updated and n,, is modified accordingly.

if fState, = "Finished" Vu € T, then

Execute termination detection algorithm §
else
Go tophase ¢ + 1 49
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Proposition 3.10. Algorithm B of the mobile agent system (P, A, B, S, mg, A) sim-
ulates any message passing algorithm D defined on the system (P, C, D, \), where
C =S =(V, E, \)and |B| < |D|, given that in algorithm D at most k¥ — 1 messages
are sent to always dead processes D and that the graph G \ D is connected.

Proof. Let £ 4 be an execution of algorithm [ that simulates message passing algorithm
D.

Claim 1: Every p € P belongs to at least one Ty, a € A.

proof: It suffices to show that every node will be visited by at least one mobile
agent, while simulating the send events. Since the graph G \ D is connected, we can
assume without loss of generality that Vp € P here exists a subsequence of send events
of execution £ from some homebase 7 (), o € A to node p.

Claim 2: For every agent « € A that is destroyed, every p € T,, will be assigned to
an alive agent 5 € A.

proof: By algorithm [, when an agent o € A is destroyed by a black hole or is slow
then a neighboring agent will expand his territory to include 7.

Claim 3: At least one agent a € A survives till the end of the execution of the
simulation algorithm .4 and the union of the territories of the alive agents at the end of
the algorithm is V.

proof: By algorithm D, at most £ — 1 messages are sent to always dead processes.
In the simulation an agent will traverse an unexplored edge {u, v} only if in algorithm
D,, u sends a message to v. Therefore at least one agent @ € A will survive till the
end of the execution of the simulation algorithm .A. Since when an agent is slow or has
been destroyed, another mobile agent takes responsivility of his territory, then by the
end of the algorithm the union of the territories of the alive agents contains all vertices
of graph G.

U vz =v@
a €A
« alive
till the end

Complexity
Agent Complexity

Proposition 3.11. Let A be the simulation algorithm [ on the message passing algo-
rithm D. The minimum number of agents required for algorithm A to be resilient is
Agents(a,S) = k where k — 1 is the maximum number of messages sent to always
dead processes over all executions of algorithm D.

Proof. Algorithm A is resilient if at least one agent survives and completes the simu-
lation of algorithm .A.

« If |A] = k and |B| < |D| and the number of messages sent to always dead
processes is at most k — 1, then by the proof of proposition at least one
agent will survive and complete the simulation of algorithm D.

Ipathto(e’) is the path that contains edge labels from 7o () to e’
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« If|A| = k—1, |B| = | D| and there exists an execution of algorithm D that sends
k — 1 messages to always dead processes, then by running algorithm B all the
mobile agent will be eventually destroyed by some black hole.

Therefore the minimum number of agents required is k. O

3.4 Crash Failures in MP (CF-MP) and Black™ holes in
MA (B"H-MA)

3.4.1 MP model with Crash Failures (CF)

In the message passing model a crash failure or crash fault or stopping failure is a
type of benign failure. A crashed process is a process that executed the local algorithm
correctly up to a moment ¢, and after time ¢, it did not execute a single step of the
algorithm. [23]. We note that an always dead process is a special case of a crash failure
where the time of the crash is at the beggining of the algorithm, ¢, = 0.

A message passing model with ¢-crash failures is defined by (P, C, F, \) where:

* P, C, X are as defined in section
« F C P, |F| < tisaset of at most ¢-faulty processes.

Without loss of generality we assume that an adversary can choose to corrupt any subset
F C P of at most t-processes and choose the time ¢y : F' — R of stopping of each of
the corrupted processes.

Message Passing algorithm with Crash Failures

A message passing algorithm with ¢-crash failures is defined as in section [L.2 with the
following modifications:

* The set Q p of possible states of the processes contains a special terminal state c¢
that indicates that a process crashed and will not execute any further event.

 The faulty processes are modelled as state machines, where the allowed events
are send, receive, internal event as described in section , and additionally a
stop event, which is modelled as an input action.

At time ¢o(f), a stop event is applied to process f € F, and f stops executing
the local algorithm Dy. The stop event is modelled as an input action:

(¢, in™*, "crash") k¢ (cf, 0,L)

and arrives from an adversary or from an unspecified external environment through
a special port in*. In the stop event the adversary changes the current state of
process f € F'to cy.

A stop event can change only the state of process f

* When a message is sent to a crashed process we can assume without loss of gen-
erality that it is ignored, since the effect of this action is not seen outside of f,
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f € F. [23]. Therefore, the only applicable event for process f € F with state
cy is the ignore event:

(cf, in, m) by (cf, 0, 1)

where c; is the state of process f € F', in is the port through which the message
m is received.
M « M\ A{(p',m, f)} where p/ is such that 67 (p’) = in

* The termination property is modified to depend only to correct processes, regard-
less of the failures of other processes.

The interaction of a crashed process with the message passing communication sys-
tem and the external environment is depicted in figure B.7. The crashed process sends
and receives messages according to the message passing algorithm until the stop event
from the external environment occurs, at time ;. After the stop event every message
that arrives to the always dead process from the communication system is received and
immediately ignored. Therefore without loss of generality, the interface of the message
passing system contains also the ignore events of the crashed processes, as depicted in
figure B.8§.
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External Environment

(c,in*,

Y

Stop event

process f € I receives

'crash" message

through port in* and
changes its state to

state(f) = ¢y
"erash") by (cy,0,1)

Crashed Process
feF

Send event
process f € F,
where state(f) # cy
sends message m
through port out
(¢,0,L1) Fp (d,out,m)

A
Receive event

process f € F,
where state(f) # cf
receives message m

through port in
(¢,in,m) Fp (d,0,1)

Ignore event
crashed process f € I
where state(f) = ¢y
receives message 1m
through port ¢n and ignores it
(cf,in,m) by (ep,0,1)

Message Passing

Communication System

C=G(V,E,9)

Figure 3.7: The interface of a crashed process with the message passing communication
system. The crashed process f € F' executes the algorithm correctly up until the stop
event arrives from the external environment(or the adversary) through the special port
in* at time ¢y, chosen by the adversary. After the stop event, any message m received
by f € F from the message passing communication system is ignored and the state of
the process f doesn't change.

Send event Receive event Ignore event

process p,
where state(p) # cy
sends message m
through port out

(¢,0,1) Fp (d, out, m)V

process p,
where state(p) # cy
receives message m

through port in

(¢,in,m) F, (d,0, 1)

crashed process f € F'
where state(f) = ¢y
receives message m

through port ¢n and ignores it
(cfrin,m) Fy (cf,0,L)

Message Passing System

Figure 3.8: The interface of a Message passing system with crash failures. The inputs
of the message passing system are the send events and the outputs are the receive events

and the ignore events.
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3.4.2 MA Model with Black® holes (B"H)

In the mobile agent model a black™ hole (B*H) is a type of stationary host attack sim-
ilar to the black hole model defined above. More precisely, a black™ hole is a stationary
process located at an execution place b € P that destroys every agent that visits b at any
time t > to, without leaving any trace to the surviving agents. Without loss of general-
ity we assume that an adversary or an unspecified entity from the external environment
can choose the subset BY C P of black” holes and the time 5 : B™ — R that each
b € BT will start acting as a black hole. Until time £ (b), b acts as a safe execution place.

A mobile agent system with a set of black” holes is defined as (A, P, BT, S, mg, )
where:

« A, P, S, \ are defined as in section [1.3.

« BT C Pis a set of black® holes that destroy any visiting agent without leaving
any trace.

« P\ B™ is the set of safe execution places
» 7o : A — P\ BT agents are initially located on safe execution places.

Black hole model is a special case of the Black" hole model when ¢, = 0

Mobile Agent Algorithm with a black* hole

A mobile agent algorithm with a set of black™ holes is defined as in section [L.3 with the
following modifications:

* The set Q4 of possible states of the agents contains a special terminal state s
BH

that indicates that an agent died when visiting a black hole b € B™.

» The set Qp of possible states of the execution places contains a special state -
that indicates that the execution place destroys any incoming agent.

At time to(b), b € BT starts acting as a black hole. Without loss of generality
we assume that the adversary changes the state of the execution place to -

by invoking the black™ hole event. The black® hole event modelled as an input
action from the external environment as follows:

("blaCkJr"a q, Z?’L*) l_b (ﬁv qBHJr’ O)

where "black™" is a special state indicating the change of state of the execution
place, ¢ € Qp \ {qBHJr } is the old state of b € BT, { is a null state, q, . is the

new state of b € B and in* is a special port through which the black* hole event
arrives from the external environment.

» When agent o« € A visits a black” hole b € BT at time ¢t > t,(b) the only
applicable event is the destroy event:
(s, q, 4 in) g (SBH+, q, .+ ,0)

where s is the old state of agent o € A, 4+ is old state of b € BT, in is the
port through which « arrived to b, s _ . is the new and terminal state of o and

there is no other applicable event that involves agent o € A
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- after a destroy event of agent o € A on black hole b € B*:
M « M\ {(p', a, p) } where p’ € P is such that 6,,(p’) = in
m(a) +L
A+ A\ {a}

* The termination property is modified to depend only to the surviving agents, i.e.
agents that are not destroyed by the black™ hole.

The interaction of a Black”™ Hole with the mobile agent navigation system and the
external environment is depicted in figure B.9. The Black™ Hole behaves as a non mali-
cious execution place up until the time that the Black* Hole event occurs. Every agent
a € A that arrives to the from the navigation system is destroyed without leaving any
trace. Therefore without loss of generality, the interface of the mobile agent system
contains also the destroy events of the Black™ Hole, as depicted in figure B.10.

External Environment

Black™ Hole event
The Black" Hole b € BT
receives a "black™ message
through port in* and
changes its state to
state(b) =q,, .,
("black™", q, in*) by (4, ¢ ., 0)

BH

Y
Black " Hole
b e B*

A A
Depart event Arrive event Destroy event
agent a € A, agent o € A, agent o € A
departs from b € B, arrives at b € Bt arrives at b € BT
state(b) # q,,,. . state(b) # q,,,.. where state(b) = q .
through port out through port in through port in and gets destroyed
(s,4,0) ¢ (¢', ¢, out) (s,q,in) F¢ (s',4¢',0) (8, 1) B (5,005 95005 0)
Y

Mobile Agent
Navigation System

C =G(V,E,J)

Figure 3.9: The interface of a Black™ Hole with the mobile agent navigation system.
The inputs of the Black” Hole are the arrive events, and the outputs are the send events.
After the Black™ Hole event occurs as input from the external environment the inputs
of the Black™ Hole are only the destroy events.
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A
Depart event Arrive event Destroy event
agent o departs from p, agent o arrives at p, agent o arrives at b € BT
where state(p) # q,,,, where state(p) #q,,, . where state(b) =g, .
through port out through port in through port in and gets destroyed
(5,4,0) 5 (s', ¢, out) (s,q,in) F5 (s',¢',0) (8,0, i) FS (5,050, ,450)
Y

Mobile Agent System

Figure 3.10: The interface of a Mobile agent system with black* holes. The inputs of
the mobile agent system are the depart events and the outputs are the arrive events and
the destroy events.

3.5 Simulation of a B'TH-MA algorithm by a CF-MP al-
gorithm

A mobile agent algorithm with black™ holes can be simulated in the message passing
system with crash failures. The simulation is very similar with the simulation presented
in if we replace the always dead processes with crash failure and assume that the
mobile agent algorithm A tolerates black holes. If in the mobile agent algorithm A
agent v € A visits the black*hole b € BT after time ¢ (b) it is destroyed without leaving
any trace, while in the simulation in the message passing system when a message is sent
to a crashed process b € F after time o (b) it is destroyed and the sender has no evidence
that the receiver b is faulty. Therefore agents don't know if agent « has died or delayed
to return from visiting node u, while in the simulation, neighbouring processes don't
know if process u is faulty or has delayed to respond.

Let (A, P, BT, S, 7, A) be a mobile agent system with a set of black” holes BT,
where S = (V, E, §) is the navigation subsystem and A = () aea, pep- The mobile
agent algorithm A can be simulated in the message passing system (P, C, F, ) in
algorithm D as in section 2.1| with the following modifications:

* Each non faulty process p € P \ F of the message passing system corresponds
to a safe execution place p € P\ BT of the mobile agent system and executes
algorithm D,, as defined in section R.1.

Each crash failure process b € F' of the message passing system corresponds to
a black* hole b € BT.

* The ignore event of a token ¢(«) by a crashed process:
(cf,in, s) by (cf, 0, L)

where ¢y = (g, ., 0, ), and in is the port through which token ¢(cv) with state
s is received, has similar effect with the destroy event of an agent « by black™
hole b € B*:

(RS 1) R S Y 1)
since after the ignore event token ¢(«) will not be involved in any other event

and so will agent agent « after the destroy event.
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Proposition 3.12. Let A = () )aea, pep be a mobile agent algorithm implemented on
the mobile agent system with black™ holes (A, P, BT, S, mg, A). Let D = (D,)pep be
the message passing algorithm defined above on the message passing system with crash
failures (P, C, F, \’'). Then algorithm D of the message passing system simulates
algorithm A of the mobile agent system.

Proof. Similarly with the proof of proposition B.3 with the additional remarks that:
L |F| < |BT|

2. there exists an execution £ 4 of A that the time that a process p € F’ crashes is
the same as the time that the corresponding execution place p € BT becomes a
black hole.

O

Simulation of B"H by a crashed process

Black -+ holes can be simulated by crash failures. In this case, the black™ hole event,
that an execution place becomes a black™ hole:

("black", q, in*) by (1, q 0)

)
BH+

is simulated by a stop event, that a process b crashes:
((Q7 Oa ﬁ)7 in*,"crash") }_b ((CIBH+7 07 ﬁ)v 07 J—)
Therefore, the destroy event of an agent « by a black™ hole b:

(s,q, v in)Fg (s, va, 4, 0)

is simulated as an ignore event of token ¢(«)

((q 0’ ﬁ)? /Ln’ S) Fb ((qBH+, 0’ ﬁ)? 07 J‘)

BuT’

Again, after the destroy event agent o will not be involved in any other event and token
t(a) will be ignored and no other event will involve token ¢(«).

Termination

Lemma 3.13. Let A = (7)aca, pep be a mobile agent algorithm on the mobile agent
system with black™ holes implemented (A, P, BT, S, m, A). Let D = (D,),ep be
the message passing algorithm defined above on the message passing system with crash
failures (P, C, F, X\'). If algorithm A4 has the termination property then algorithm D
has the termination property.

Proof. Similar with the proof of lemma B.4
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Complexity
Message Complexity

Proposition 3.14. Let A = (F)sca, per be a mobile agent algorithm that tolerates
t black™ holes implemented on the mobile agent system (A, P, BY, S, mg, A), where
|BT| < t. Let D = (D,),cp be the message passing algorithm defined above on the
message passing system with crash failures (P, C, F, \'), where |F| < tand C = S.
Then the total number of messages exchanged during the execution of D is:

MSG(D,C) = Move(, A,S) = Total Move(A,S)

a€ch

where Move(a, A, S) is the total number of moves of agent & € A in the execution of
A. The total number of messages sent to the set of faulty processes F' is at most k — 1,
where k = |A|.

The total size of messages exchanged is

Bit(D,C) =Y _ Move(a, A,S) - LocMemAg(a, A, S)
a€A

where LocMemAg(a, A, S) is the local space complexity of agent & € A, i.e. the size
of notebook of .

Proof. 1f in the simulation algorithm D there is a send event for process p € P\ F and
token t(«), & € A then in algorithm A agent o € A departs from the execution place
p € P\ BT. The size of each message t(a) in D equals the size of the notebook,, of
the corresponding agent « or state(a).

If in the simulation algorithm D there is a send event to a crashed process b € D,
then in algorithm A agent « € A arrives to black” hole b € BT and is destroyed. [

Time Complexity

Proposition 3.15. Let A = ().ca, per be a mobile agent algorithm that tolerates
t black® holes implemented on the mobile agent system (A, P, BY, S, mg, A), where
|BT| < t. Let D = (D,)pecp be the message passing algorithm defined above on the
message passing system with crash failures (P, C, F, X'), where |F| < tand C = S.
Then the time complexity of algorithm D is:

Time(D, C) = Time(A,S)

where Time(A,S) is the time complexity of mobile agent algorithm .4 on the naviga-
tion system S.

Proof. The proof is similar with the proof of proposition .4 O

Space Complexity

Proposition 3.16. Let A = ().ca, per be a mobile agent algorithm that tolerates
t black” holes implemented on the mobile agent system (A, P, BY, S, mg, A), where
IBT| < t. Let D = (D,)pep be the message passing algorithm defined above on the
message passing system with crash failures (P, C, F, \’), where |F| < tand C = S
and C' = S. Then the local space complexity of algorithm D is:

LocMem(D,C) = max LocMemW B(p, A,S) + max LocMemAg(a, A,S)
pPE aE
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where LocMemW B(p, A,S) is the local space complexity of execution place p € P
and locMemAg(a, A,S) is the local space complexity of agent o € A of algorithm A

on the navigation system S. The total space complexity of algorithm D is:

Mem(D,C) = Z LocMemW B(p, A,S) + Z LocMemAg(a, A,S)

peP

achA

Proof. The proof is similar with the proof of proposition 2.3

The simulation presented is summarised in tables B.4, B.3 an figure B.11|. The simu-
lation of a Black® Hole by a Crashed process is depicted in figure B.12. The complexity
of the simulation is summarised in table B.4.

Table 3.4: Simulation of Mobile Agent Algorithm A with black™ holes by Message

Passing Algorithm D with crash failures

Mobile Agent Model with black™ holes

Message Passing Model
with crash failures

System: (A, P, B*, S, m, \)

S = (V, E, §) navigation subsystem
P or V' : execution places,
equipped with a whiteboard
E : migration ports
0y 2 Ny (u) — [1, degg(u)] :
port labelling function
A : initial states of places and agents

uevV

A: set of k asynchronous mobile agents.
mo : A — V initial placement of agents.
m: A — V location of agents.

System: (P, C, F, \')

C = (V, E, §) communication subsystem
P or V : asynchronous processes

FE : communication channels
Ou: Ng(u) = [1, deg(u)] : ueV
port labelling function
) : initial states of processes
vy _ ) (AP, 1, Ma)), ifmo(p) =a
N(p) = {()\(p)7 0, 1), otherwise 7 er
k tokens
T : initial placement of tokens.
« : location of tokens.

Black* hole b € BT C P:

a stationary process that destroys
any incoming agent after time ¢o(b)
S, the state of the destroyed agent

Faulty process b € ' C P:

a process that does not execute
a single step of the algorithm after time ¢ (b)
state(b) = s. = (q 0, ) after time to(b)

BHt’

Mobile agent algorithm A

Q4 : set of possible states of « € A
Qp: set of possible states of p € P

Iy CQp\ {sBH+ }: set of initial states of a
Ip C Qp: set of initial states of p € P

state(p), p € P
state (@), o € A

M: multiset of agents in transit

Simulation message passing algorithm A

M=Qa\{s,, }: setof possible messages
Q=Qp x{0,1} x Qa U{t}\ {SBH+}:

set of possible states of p € P
I=1Ipx{0,1} x Iy U{#}:

set of initial states of p € P

state(p) =

(state(p), 1, state*(a)), 7(p) =, p € F
- {(stcnte"‘(p)7 0, ), otherwise
M = M: multiset of messages in transit
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Table 3.5: Simulation of Mobile Agent Algorithm A with black™ holes by a Message
Passing Algorithm D with crash failures

Mobile Agent Model with black® holes | Message Passing Model
with crash faults

Events of the relation I—;j of A Events of the relation I, of D

h : events(A) — events(D)

ifpeP\B", a€A: ifpe P\ F:
departure event: send event:

(87 q, 0) '_g (Sl, qu OUt) ((Q7 173)3 07 J—) }_p ((qlvovﬁ)7 Out7 8’)
arrival event: receive event:

(87 q, Zn) }710; (8/7 qlv O) ((Q* O7ﬁ)7 in7 S) Fp ((q/v 178/)7 07 1 )
« remains at p: internal event:

(87 q, O) '_g (SI7 q’: 0) ((Q7 175)7 07 l) }_p ((q/7 178/)7 07 J~)
ifp € BT and time ¢ > to(p) ifp € Fandtimet > to(p)

state*(p) = q,,,,, state(p) = (q,,,,., 0, 1)
and the only applicable event is the and the only applicable event is the
destroy event: ignore event:

(87 Apmy> Zn) '_g (SBH+7 (ZBH+70) ((qBH+7O’ﬁ)7 in: 8) }_p ((qBH+’0’ﬁ)’ 07 L)

Table 3.6: Complexity of the Simulation of the Mobile Agent Algorithm with Black™
Holes .A by Message Passing Algorithm D with crashed processes

Message MSG(D,C) = Z Move(a, A,S) = Total Move(A,S)
Complexity N

Bit Bit(D,C) = Z Move(a, A,S) - LocMemAg(a, A,S)
Complexity a€h

Time Time(D,C) = Time(A,S)
Complexity

Local Space LocMem(D, C) = max{LocMemW B(c, A,S) }+max{LocMemAg(a, A,S)}
Complexity pEP ach

Total Space Mem(D,C) = Z LocMemW B(a, A,S) + Z LocMemAg(a, A,S)
Complexity pEP ach
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Depart event Arrive event Destroy event
agent « departs from p, agent o arrives at p, agent «v arrives at b € B Fat time > to
state(p) # q,,,, where state(p) ;ﬁ. [-— where state(p) = q,,, .
through port out through port in through port in and gets destroyed
(5,4,0) 5 (s', ¢/, out) (s,¢,in) B3 (s',¢',0) (XA D R S CHIRY L)
Sim
Mobile Agent system
S A . A
end event Receive event Ignore event
process p, process p, process b € F,
where state(p) # (q,,,,,,0,8) where state(p) # (q,,,, 0. where state(p) = (q,,,,.,0,1)
sends message m = s’ receives message m = s receives and ignores
through port out through port in m = s through port in

((q,1,5),0, L) Fp ((¢,0,4), out, S')V ((g,0,8),in,s) Fp ((¢',1,8),0, L) | ((q,,.,0,8),in,5) b ((q,,.,0,4),0, L)

Message Passing system

Figure 3.11: Simulation of Mobile agent system with black* holes by a Message Pass-
ing system with crash failures, where the inputs of mobile agent system (depart events)
are transformed into inputs of the message passing system (send events) and the outputs
of the message passing system (receive or ignore events) are transformed into outputs
of the mobile agent system (arrive or destroy events), while the ignore events are trans-
formed into destroy events. Running the simulation algorithm on top of the message
passing system with crash failures produces the same appearance as does running the
algorithm on top of the mobile agent system with black™ holes.
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|

External Environment ‘

Black® Hole event
The Black™ Hole b € B™

through port in* and
changes its state to
state(b) =q,, .

BH

receives a "black™" message

("black™®", q, in*) Fy (4, ¢, 0)

Black™ Hole
be Bt

Depart event
agent a departs from b,
where state(b) # q, .

through port out
(s.q.0) Fi¥ (s, ¢, out)

Arrive event
agent « arrives at b
where state(b) # q,,,,,
through port in
(s.q.1n) F{ (s.4',0)

Stop event
process b € I receives
"crash" message
through port in* and
changes its state to
state(b) = ¢y
(¢,in*,"crash") by (5,0, L)

Destroy event
agent « arrives at black™ hole b € B*,
where state(b) =q,,, .
through port in and gets destroyed
(8.4 1) Fp (s Gy 0)

BH

Sim
Crashed Process
beF

Send event
process b, where
state(b) # (q,,,,,0,1)
sends message m = s’
through port out

Receive event
process b, where
state(b) # (q,,,,,0.1)
receives message m = s
through port in

Ignore event
where state(b) = (q,,,,, ,0,£)
receives and ignores

m = s through port in

,0,8),in,8) b ((q,,,4,0,8).0, L)

((g.1,5),0, L) Fy ((¢',0,8), out, s") ((g,0,8),in,s) by ((¢,1,5"),0, 1)

Message Passing
Communication System
S = G(V.E,5)

Figure 3.12: Simulation of black™ holes by crashed processes.

The input event of the black™ hole (black™ hole event) is transformed to input event of
the crashed process (crash event) and the output event of the crashed process (ignore
event) is transformed to output event of the black™ hole (destroy event) . The simulation
of black® hole by crashed process produces the same appearance to the system as the
black™ hole

The simulation of a mobile agent algorithm A to a message passing algorithm D, for a
mobile agent system to a message passing system as described above is be the similar to
the simulation in section R.1. Most problems in the mobile agent system with a black™
hole have the requirement that at least one agent survives. Therefore, the meaning of
the simulation in the message passing model is to achieve a specific goal, but send up
to k — 1 messages to the faulty process.

3.6 Omission Failures in MP (OF-MP) and Gray holes
in MA (GH-MA)

3.6.1 MP model with Omission Failures (OF)

In the message passing model an omission failure (OF) is a type of benign failure,
that was introduced in [28]. A process with omission failure might skip some steps of
the algorithm and then continue the execution of the algorithm. [32]. We note that an
always dead processes and crash failures are special cases of omission failures, where
the process skips all the steps of the algorithm after time ¢,.

A message passing model with t-omission failures is defined by (P, C, O, \) where:
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» P, C, X are as defined in section
* O C P, |O] < tisaset of at most ¢-faulty processes.

Without loss of generality we assume that an adversary can choose to corrupt any subset
O C P of atmost t-processes and choose which steps of the algorithm the faulty process
will omit.

Message Passing algorithm with Omission Failures

A message passing algorithm with ¢-omission failures is defined as in section [L.2 with
the following modifications:

» The set QQp of possible states of the processes contains a special state ¢, that
indicates that a process crashed temporarily and is not currently executing the
steps of the algorithm.

+ The faulty processes are modelled as state machines, where the allowed events
are send, receive, internal event as described in section [L.2, and additionally a
stop and a restart event, which are modelled as input actions.

+ The stop event is modelled as an input action:
(¢, in*, "crash") ¢ (co, 0, L)

and arrives from an adversary or from an unspecified external environment through
a special port in*. In the stop event the adversary changes the current state of
process f € O to c,. A stop event can change only the state of process f € O.

* When a message is sent to a crashed process we can assume without loss of gen-
erality that it is ignored, since the effect of this action is not seen outside of f,
f € F. [23]. Therefore, the only applicable event for process f € F with state
cy is the ignore event:

(o, in, m) F¢ (co, 0, 1)

where ¢, is the state of process f € F, in is the port through which the message
m is received.
M «— M\ {(p',m, f)} where p/ is such that 67 (p) = in.

* The resume event is modelled as an input action:
(o, in™, "resume") k- (¢, 0,1)
and arrives from an adversary or from an unspecified external environment through
a special port in*. In the stop event the adversary changes the current state ¢, of
process f € Otoc € Qp \ {c,}. A resume event can change only the state of

process f € O.

+ The termination property is modified to depend only to correct processes, regard-
less of the failures of other processes.
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The interaction of an omission failure with the message passing communication
system and the external environment is depicted in figure B.13. The crashed process
sends and receives messages according to the message passing algorithm until the stop
event from the external environment occurs. After the stop event every message that
arrives to the always dead process from the communication system is received and
immediately ignored. When the resume event arrives from the external environment,
the state of the process changes to the state of the process before the stop event and the
process continues executing the message passing algorithm correctly. The adversary
can send the "stop" and "resume" events to the process repeatedly, according to any
strategy. Therefore without loss of generality, the interface of the message passing
system contains also the ignore events of the omission failures, as depicted in figure

3.14

External Environment

Resume event Stop event
process f € O receives process f € O receives
"resume" message "crash" message
through port in* and through port in* and
changes its state to changes its state to

state(f) = c# ¢ state(f) = ¢,
(¢o,in*, "resume") ¢ (c,0, L) (¢, in*,"crash") Fr (co,0, L)
Y Y

Omission Failure Process

feo

A A

Send event Receive event Ignore event
process f € O, process f € O, crashed process f € O

state(f) # co state(f) # co where state(f) = ¢,
sends message m receives message m receives message m
through port out through port in through port in and ignores it

(¢,0,L) k¢ (d,out,m) (¢,in,m) k¢ (d,0, L) (Coyin,m) by (¢0,0,1)
Y

Message Passing
Communication System
C=G(V,E,)

Figure 3.13: The interface of an omission failure process with the message passing
communication system. The faulty process f € O executes the algorithm correctly up
until the stop event arrives from the external environment(or the adversary) through
the special port in*. After the stop event, any message m received by f € F' from
the message passing communication system is ignored and the state of the process f
doesn't change. When a resume event arrives from the external environment through
the special port in* the process continues to execute the algorithm and send and receive
messages from and to the communication system.
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Send event A Receive event A Ignore event
process p, process p, crashed process f € O
where state(p) # ¢, where state(p) # ¢, where state(f) = ¢,
sends message m receives message m receives message m
through port out through port in through port <n and ignores it
(¢,0,1) Fp (d, out, m)V (¢,in,m) Fp (d,0, L) (¢o,in,m) kg (c0,0,1)

Message Passing System

Figure 3.14: The interface of a Message Passing system with omission failures. The
inputs of the message passing system are the send events and the outputs are the receive
events and the ignore events.

3.6.2 MA Model with Gray holes (GH)

In the mobile agent model a gray hole (GH) is a type of stationary host attack similar
to the black hole model. A gray hole is a stationary process located at an execution
place g € P that can choose whether and when to act as a black hole or a safe node.
Without loss of generality we assume that an adversary or an unspecified entity from
the external environment can choose the subset G C P of gray holes and when each
g € G will act as a black hole or a safe node.

A mobile agent system with a set of gray holes is defined as (A, P, G, S, 7y, \) where:
« A, P, S, \ are defined as in section [1.3.

* G C Pisaset of gray holes that can choose whether to behave as black holes or
safe execution places.

« P\ G is the set of safe execution places.

» mp : A — P\ G agents are initially located on safe execution places.
Black™ hole model, and subsequently the black hole model, is a special case of the Gray
hole model, if the malicious host behaves only as a black hole at any time ¢ > ¢,
Mobile Agent Algorithm with a gray hole

A mobile agent algorithm with a set of gray holes is defined as in section |L.3 with the
following modifications/additions:

» The set 4 of possible states of the agents contains a special terminal state s,
that indicates that an agent was destroyed when visiting a gray hole g € G

* The set Qp of possible states of the execution places contains a special state ¢,
that indicates that the execution place destroys any incoming agent.

+ Without loss of generality, we assume that the decision of a gray hole to act as a
black hole or a safe node is modelled as an input action from the external envi-
ronment. The gray hole event is modelled as:

("gray", q, in*) g (4, 4y, 0)
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where "gray" is a state that indicates that the execution place will start destroying
any incoming agent, f is a null state, ¢ € Qp \ {q.,, } is the old state of g € G,
4., 1s the new state of g € G and in* is a special port through which the gray
hole event arrives from the external environment.

The safe node event, that a gray hole ¢ € G with state g, becomes a safe
execution place is modelled as:

("safe", qGH’ 0) Fg (ﬁa q/ao)

where "sa fe" is a state that indicates that the gray hole will act as a safe node, §
is a null state, g, is old state of g € Gand ¢’ € Qp \ {¢,,, }-

» When agent o € A visits a gray hole g € G with state g, the only applicable
event is the destroy event:

(s, dems in) l_;; (SGH’ qGH7O)

where s is the old state of agent « € A, ¢, is old state of g € G, in is the port
through which « arrived to g, s, is the new and terminal state of o and there is
no other applicable event that involves agent o« € A

« after a destroy event of agent o € A on gray hole g € G:
M < M\ {(p’, o, p)} where p’ € P is such that 6,,(p’) = in
m(a) L
A+ A\ {a}

* The termination property is modified to depend only to the surviving agents, i.e.
agents that are not destroyed by the gray hole.

The interaction of a Gray Hole with the mobile agent navigation system and the
external environment is depicted in figure . The Gray Hole behaves as a non malicious
execution place up until the time that the Gray Hole event occurs. After the "Gray Hole
event", every agenta: € A that arrives to the Gray Hole ¢ € G from the navigation
system is destroyed without leaving any trace. When the "Safe Node event" arrives from
the external environment, the gray hole g € G behaves again as a safe execution place.
The adversary can invoke the "Gray Hole event" and the "safe node event" according
to any strategy. Therefore without loss of generality, the interface of the mobile agent
system contains also the destroy events of the Black+ Hole, as depicted in figure
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External Environment

Safe Node event Gray Hole event
The Gray Hole g € G The Gray Hole g € G
receives a "safe" message receives a "gray" message
through port in* and through port in* and
changes its state to changes its state to
state(g) = ¢’ state(b) = qopy
("sa,fc", dcms Zn*) F.‘] (ﬁ? q’v O) (”!/"Aa!/t q, ':”*) Fr] (ﬁ dou> ())
\ Y
Gray Hole
geG
A A
Depart event Arrive event Destroy event
agent a € A, agent o € A, agenta € A
departs from g € G, arrivesat g € G arrives at g € B+
state(g) # qon state(g) # Gy where state(g) = q.,,
through port out through port in through port in and gets destroyed
(5,4,0) F5 (s',¢', out) (5,q,in) 5 (s',¢',0) (8,Ggm>1) F5 (8a5 A, 0)
Y
Mobile Agent
Navigation System
C =G(V,E,0)

Figure 3.15: The interface of a Gray Hole with the mobile agent navigation system.
The inputs of the Gray Hole from the navigation system are the arrive events and the
destroy events, and the outputs are the send events. The inputs of the Gray Hole from
the external environment are the "safe node event" and the "gray hole event". After the
"Gray Hole event" occurs as input from the external environment the inputs of the Gray
Hole from the navigation system are only the destroy events, and after the "safe node
event" the inputs are the arrive events and the outputs are the depart

Depart event
agent o departs from p
where state(p) # .,

through port out

Destroy event
agent «v arrives at g € G,
where state(g) = q,,
through port in and gets destroyed

Arrive event
agent « arrives at p
where state(p) # q..,

(o o through port in ) i) L (s
(S7q70) }7[) (S 7q 70ut) (S,q,i’ﬂ) }_g (5,7(1/70) ('57(1(}”‘[”) P ('SGII‘quN‘O>

Mobile Agent System

Figure 3.16: The interface of a Mobile agent system with gray holes. The inputs of the
mobile agent system are the depart events and the outputs are the arrive events and the
destroy events.
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3.7 Simulation of a GH-MA algorithm by an OF-MP
algorithm

Similarly with sections and B.3 a gray hole resilient mobile agent algorithm can
be simulated in the message passing model with omission failures. In the simulation if
in the mobile agent algorithm 4 agent o € A visits the gray hole hole g € G that acts
currently as black hole, it is destroyed without leaving any trace, while in the simulation
in the message passing system when a message is sent to a process with omission failure
g € O, the receiving event will be omitted and the sender has no evidence that the
receiver g is faulty. Therefore agents don't know if agent o has died or delayed to
return from visiting node g, while in the simulation, neighbouring processes don't know
if process g received the message or has delayed to respond.

Let (A, P, G, S, mp, \) be amobile agent system with a set of gray holes G, where
S = (V, E, 0) is the navigation subsystem and A = ()aca, per. The mobile agent
algorithm A can be simulated in the message passing system (P, C, O, \’) in algorithm
D as in section P.1| with the following modifications:

* Each non faulty process p € P\ O of the message passing system corresponds
to a safe execution place p € P\ G of the mobile agent system and executes
algorithm D,, as defined in section R.1.

» Each omission failure process g € O of the message passing system corresponds
to a gray hole g € G.

« The ignore event of token(«) by a faulty process g € O:
(cf, in, ) g (cy, 0, L)
has similar effect with the destroy event of an agent « by gray hole g € G:

(S, qGH’ Zn) '_g (SGH7 qGH’ 0)

since after the ignore event ¢(a)) will not be involved in any other event in a
similar way that agent « after been destroyed will not participate in any other
event.

Proposition 3.17. Let A = (F})aca, per be a mobile agent algorithm implemented
on the mobile agent system with gray holes (A, P, G, S, m, A). Let D = (D,)pepr
be the message passing algorithm defined above on the message passing system with
omission failures (P, C, O, \’). Then algorithm D of the message passing system
simulates algorithm 4 of the mobile agent system.

Proof. Similarly with the proof of proposition B.3 with the additional remarks that:
1. O] < |G|

2. there exists an execution € 4 of A that the times that a process p € O crashes and
resumes the execution are the same as the times that the corresponding execution
place p € G behaves as a black hole or a safe execution place.

O
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Simulation of a GH by OF

Gray holes can be simulated by omission failures. In this case:
+ The gray hole event of a gray hole g € G:
("gray", e, ") Fg (8 4o 0)
is simulated in the message passing model as an stop event:

(C’ in*a "StOp") l_g (007 07 J—)

where ¢ = (g, 0, £), ¢co = (¢uy, 0, §) and in* is the special port through which

the gray hole event arrives from the external environment.
 The safe node event of a gray hole g € G:
("safe", Gy, in") g (8, ¢, 0)
is simulated in the message passing model as an resume event:

(co, in*, "resume") k4 (c, 0, L)

where ¢, = (q4,, 0, 1), ¢ = (¢/,0,4) and in* is the special port through which

the gray hole event arrives from the external environment.
* The destroy event of an agent o € A by a gray hole g € G:
(57 Vi) Zn) F? (SGH ydams O)
is simulated in the message passing model as an ignore event:

(CO, i?’l, 8) l_g (CO7 07 J—)

where ¢, = (¢, 0, #), and in is the port through which token ¢(«) with state s

is received.

We note that after the destroy event agent a terminates and won't be involved in
any other event. In the simulation, token ¢(«) will arrive at g and will be ignored
by the faulty process b and there will be no other event involving token ¢(«).

The simulation is depicted in figure

Termination

Lemma 3.18. Let A = (F)aea, pep be a mobile agent algorithm that tolerates ¢ gray
holes implemented (A, P, G, S, mp, A), where |G| < ¢. Let D = (D,),ecp be the
message passing algorithm defined above on the message passing system with omission
failures (P, C, O, \'), where |O| < t and C = S. If algorithm .4 has the termination

property then algorithm D has the termination property.

Proof. The proof is similar with the proof of lemma .4
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Complexity
Message Complexity

Proposition 3.19. Let A = ()aca, per be a mobile agent algorithm that tolerates ¢
gray holes implemented on the mobile agent system (A, P, G, S, 7o, A), where |G| <
t. Let D = (D,),cp be the message passing algorithm defined above on the message
passing system with omission failures (P, C, O, \’), where |O| < tand C =S.

Then the total number of messages exchanged during the execution of algorithm
Dis:

MSG(D,C) = > Move(a, A,S) = Total Move(A, S)
acA

where Move(a, A,S) is the move complexity of agent o« € A in the execution of .A.
The total number of messages sent to the set of faulty processes O is at most k-1, where
k = |A|. The total size of messages exchanged is

Bit(D,C) = Z Move(a, A,S) - LocMemAg(a, A,S)
a€A

where LocMemAg(a, A,S) is the local complexity of agent o € A, i.e. the size of
notebook of c.

Proof. If in the simulation algorithm D there is a send event for process p € P\ O and
token t(«), & € A then in algorithm A agent o € A departs from the execution place
p € P\ G. The size of each message () in D equals the size of the notebook,, of the
corresponding agent « or state(«).

If in the simulation algorithm D there is a send event to a process with omission
failure g € O, then in algorithm A agent o € A arrives to gray hole g € G and is either
destroyed or is executed normally. O

Time Complexity

Proposition 3.20. Let A = (-).ca, pep be a mobile agent algorithm that tolerates ¢
gray holes implemented on the mobile agent system (A, P, G, S, mg, A), where |G| <
t. Let D = (D,)pep be the message passing algorithm defined above on the message
passing system with omission failures (P, C, O, '), where |O| < t and C' = S. Then
the time complexity of algorithm D is:

Time(D,C) = Time(A,S)
where Time(A, S) is the time complexity of mobile agent algorithm A.

Proof. The proof is similar with the proof of proposition 2.4 O

Space Complexity

Proposition 3.21. Let A = ()aca, per be a mobile agent algorithm that tolerates ¢
gray holes implemented on the mobile agent system (A, P, G, S, 7o, A), where |G| <
t. Let D = (D,),cp be the message passing algorithm defined above on the message
passing system with omission failures (P, C, O, X’), where |O| < tand C' = S.
Then the local space complexity of algorithm D is:

LocMem(D,C) = max LocMemW B(p, A,S) + max LocMemAg(a, A,S)
pPE aE
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where LocMemW B(p, A,S) is the local space complexity of execution place p € P
and LocMemAyg is the local space complexity of agent o € A of algorithm A on the
navigation system S.

The total space complexity of algorithm D is:

Mem(D,C) = Z LocMemW B(p, A,S) + Z LocMemAg(a, A,S)
peP ach
Proof. The proof is similar with the proof of proposition 2.3 O
The simulation is summarised in tables B.7, B.§ and figures B.17. The simulation

of Gray Holes by omission failures is depicted in figure B.1§. The complexity of the
simulation is summarised in table B.9

Table 3.7: Simulation of Mobile Agent Algorithm .A with gray holes by Message Pass-
ing Algorithm D with omission failures

Mobile Agent Model with gray holes Message Passing Model
with omission failures

System: (A, P, G, S, 7o, A) System: (P, C, O, \)
S = (V, E, d) navigation subsystem C = (V, E, §) communication subsystem
P or V : execution places, P or V : asynchronous processes

equipped with a whiteboard
E' : migration ports E': communication channels
0u : Ny (u) = [1, degg(u)] : ueV 0u : No(u) = [1, deg(u)] : ueV

port labelling function port labelling function
A : initial states of places and agents A’ : initial states of processes

oy ) (D), 1, M), ifmo(p) =«
M) = {()\(p)7 0, ), otherwise 7 € P
A: set of k asynchronous mobile agents. k tokens
o : A — V initial placement of agents. 7 : initial placement of tokens.
7w : A — V location of agents. 7 : location of tokens.
Gray hole g € G C P: Faulty process g € O C P:
a stationary process that chooses whether a process that might skip
to act as a black hole or a safe execution place | to execute some steps of the algorithm
Sop the state of the destroyed agent state(g) = so = (¢4, 0, 1)
Mobile agent algorithm A Simulation message passing algorithm A
Q4 : set of possible states of & € A M = Qa \ {54y }: setof possible messages
Qp: set of possible states of p € P Q=Qpx{0,1} x Qa U{t} \ {544 }:
set of possible states of p € P

Iy CQa\ {syy}: setof initial states of o I=1px{0,1} x Iy U{t}:
Ip C Qp: set of initial states of p € P set of initial states of p € P
state(p), p € P state(p) =

A _ [ (stateA(p), 1, state?(a)), w(p)=a,p€F
state”(a), o € A B {(state““(p), 0, ), otherwise
M: multiset of agents in transit M = M: multiset of messages in transit
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Table 3.8: Simulation of Mobile Agent Algorithm A with gray holes by Message Pass-
ing Algorithm D with Omission failures

Mobile Agent Model with gray holes | Message Passing Model
with omission faults

Events of the relation - of A Events of the relation -, of D
h: events(A) — events(D)
ifpeP\G, a€A: ifpe P\ O:
departure event: send event:

(s, ¢, 0) o (', ', out) ((g:1,5),0, L) Fy ((¢',0,4), out, s')
arrival event: receive event:

(87 q'/ /I:n) '7; (S/’ q/7 0) ((q7 07 ﬁ)7 Zn7 S) Fp ((q/’ 17 ‘9/)7 07 L )
« remains at p: internal event:

(87 q, O) '7{; (S/, q/a 0) ((q 1’8)7 07 1 ) '7}0 ((qlv 175/)7 Os 1 )
ifpeG: ifpeO:
gray hole event: stop event:

Oi? q’ ’LTZ*) }_P (ﬁ7 qGH)7 0) ((q707ﬁ)7 in*7 "CT(ISh") '_P ((QBH707ﬁ)s 07 J—)
safe node event: resume event:

(ﬁa an)a ZTl*) }_P (ﬁv q, 0) ((qcn)voyﬁ)v 7,'77,*7 "Tesume") }_P ((q,707 ﬁ)y 07 J*)
if p € G and state(p) = g, if p € O and state(p) = ¢o = (qz4,0,4)
the only applicable event is the and the only applicable event is the
destroy event: ignore event:

(57 9am> iTL) "5 (SGH7 qGH’O) ((qu7O’ﬁ)7 iTL, ‘5) }_P ((qGH’()? ti)7 07 1 )
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Table 3.9: Complexity of the Simulation of the Mobile Agent Algorithm A by Message

Passing Algorithm D
Message | 11SG(D,C) = Y Move(a, A,S) = TotalMove(A,S)
Complexity Q€A
Bit Bit(D,C) = Z Move(a, A,S) - LocMemAg(a, A, S)
Complexity ach
Time Time(D,C) = Time(A,S)
Complexity

Local Space
Complexity

LocMem(D,C) = maﬂ))g{Loc]\/[emWB(cy7 A,S) }+maf)§{Loc]V[emAg(a, A,S)}
pe ac

Total Space

Mem(D,C) = Z LocMemW B(a, A, S) + Z LocMemAg(a, A,S)

Complexity peP =
Depart event Arrive event Destroy event
acent o departs from agent « arrives at p agent o arrives at g € G,
€ throu. hp ort out P through port in when state(g) = q,,
(s,4,0) E(y ?5/ ¢, out) (s,q,in) Fo (s',4,0) through port in and gets destroyed
e 4% dan (52020, 1) 5 (5201 G -0)
Sim
Mobile Agent system
A A
Send event Receive event Ignore event
rocess p sends m = s process p receives m = s process g € O
P thrOL[l) h port olrzt_ ( through port in with state(g) = (q.,,0, ) receives
((g,1,5),0 L)gF p((q’ 0,4), out, s') ((g,0.9),in,5) Fp ((¢',1,5),0, 1) and ignores m = s through port in
T 1% Qo ((ge:0,8),n,8) Fg ((dgr0,£),0, 1)
Y

Message Passing system

Figure 3.17: Simulation of Mobile agent system with gray holes by a Message Passing
system with omission failures, where the inputs of mobile agent system (depart events)
are transformed into inputs of the message passing system (send events) and the outputs
of the message passing system (receive or ignore events) are transformed into outputs of
the mobile agent system (arrive or destroy events). Running the simulation algorithm on
top of the message passing system with omission failures produces the same appearance
as does running the algorithm on top of the mobile agent system with gray holes.
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Figure 3.18: Simulation of gray holes by omission failures. The input events of the

gray hole, "gray hole event" and "safe node event", from the external environment are

transformed to input events of the omission failure, "stop event" and "resume event"

respectively. The input events of the omission failure, "ignore event" and "receive

event", from the communication system are transformed into "input events" of the gray
hole, "destroy event", and "arrive event" respectively and the output event of the gray

hole, "depart event" to the omission failure is transformed into an output event of the

omission failure, "send event" to the communication system.
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3.8 Summarizing tables of the simulations

The simulations described between the mobile agent model and the message passing
model and vice versa together with the complexity overhead are presented in the fol-
lowing tables.

3.8.1 Simulation of MP Algorithms by MA systems

Table 3.10: Table of simulations of asynchronous message passing algorithm D by
mobile agent systems. We denote as |E| the total number of edges of G, |V| = |P|
the number of processes, k = |A| the number of agents in the mobile agent system,
f the total number of crashed agents and M SG(D, C) the total number of messages
exchanged in the message passing algorithm D
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3.8.2 Simulation of MA Algorithms by MP systems

Table 3.11: Table of simulations of asynchronous mobile agent algorithms .4 by mes-
sage passing systems. We denote as s(a), « € A, the number of moves of agent « € A

in mobile agent algorithm A
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3.9 Discussion

In the simulations presented we could not obtain a simulation relation of a message
passing algorithm with crash or omission failures by a mobile agent system with black™
holes or gray holes. The reason is that in order to obtain such a simulation relation the
mobile agents need to find a suitable route to traverse the graph and execute the local
algorithm. Since the malicious hosts are black™ holes or gray holes, it is an open ques-
tion whether the mobile agents can find such a route, execute the local message passing
algorithm on every execution place and guarantee that at least one agent survives at the
end of the execution and all execution places have been executed.

Therefore, it is of great importance to see whether under several assumptions it is
possible to obtain these simulations relations. We note that if the number %k of mobile
agents is strictly larger than the maximum degree A of the graph/communication sys-
tem and there is at most one malicious host (black™ or gray hole), then we could obtain
a simulation relation of a message passing algorithm with one crash or omission fail-
ures by mobile agent model with one black™ or gray hole respectively, by combining
algorithm f§ with the cautious walk technique presented in [[14].

Another open question is whether there exists a simulation relation between the
Red Hole Mobile agent model [5] and the Byzantine Message Passing Model. While
the two systems seem at first to have many common properties, the correspondence
of events of the systems is not straight forward as well as the way that mobile agents
will move along the graph besides the presence of red holes and execute the message
passing algorithm Furthermore, the simulations presented in the previous chapters were
focused in the LOCAL and ASYNC model. It would be of great interest to analyse the
simulations of message passing algorithms by mobile agents of sections2.3, B.1l,
in the CONGEST model and compare complexity overhead between the LOCAL, the
ASYNC and the CONGEST model.
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CHAPTER 4

INSTANTIATIONS

4.1 Problem Definitions

The simulations presented in sections and can be used to design MP algo-
rithms and MA algorithms by already existing MA algorithm and MP algorithm respec-
tively. In order to do that we have to define a correspondence between the problems of
the message passing systems and the mobile agent systems.

A problem specification P is defined by a set of input states in(P), a set of output
states out(P) and a set of allowable sequences seq(P) of input and output states.

Mobile Agent Gathering Problem and Leader Election Problem in the Message
Passing System

In the Mobile Agent Gathering or simply gathering problem, on a mobile agent sys-
tem (A, P, F,S, m,A\), F € {B,B™,G} such that the initial locations of the agents
are distinct, myp : A — P is an injection, all the surviving mobile agents should gather
at a single execution place p € P.

In the Leader Election problem, on a message passing system (P,C, T, '), T €
{D, F, O} an algorithm D solves the leader election problem if all terminal states are
elected or not elected and in every admissible execution exactly one processor termi-
nates with elected state and all the remaining processors with not-elected state. The
conditions that should be satisfied are the safety condition, where processes never dis-
agree and the liveness condition, where all processes should eventually agree to only
one leader.

If algorithm A solves the gathering problem, then all surviving agents gather at
a single execution place and therefore at the end of the simulation algorithm a single
process gathers all the tokens and is elected a leader, and all other processes are not
leaders.

If algorithm D solves the leader election problem, then eventually one processes is
elected as leader and all other processes are not leaders, therefore in the simulation of
D in the mobile agent system all surviving agents can gather at the execution place that
corresponds to the leader process.
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Black/Black*/Gray Search Problem and the Locating the Faulty Process Problem

In the Black/Black?'/Gray Search (BHS/B*HS/GHS) problem, on a mobile agent sys-
tem (A, P, F,S, m,A), F € {B,B™,G} the mobile agents A, (that can be initially
co-located, mp(a) = p € P, Ya € A or distinctly located, my : A — P is an injection),
all surviving agents identify the position of the black/black*/gray/red hole.

In the Faulty Process Location problem, on a message passing system (P, C, T, \'),
T € {D, F, O}, all processes identify the location of the faulty process(crash failure,
omission failure, byzantine failure).

If algorithm A solves the Black/Black™/Gray Search problem, then all surviving
agents know the location of the malicious host, therefore in the simulation in the mes-
sage passing system, at least one process has a token that knows the position of the
faulty process and by broadcasting it he can notify all the processes about the location
of the faulty process.

If Algorithm D solves the Faulty Process Location problem, then eventually all
processes know the location of the faulty process and therefore in the simulation of D
in the mobile agent system all surviving agents know the location of the malicious host.

Periodic Data Retrieval Problem in the mobile agent model with Black/Black*/Gray
Holes and Periodic Data Collection Problem in the message passing Model with
Always Dead Processes/Crash/Omission Failures

In the periodic data retrieval problem [21, §] we assume that each execution place
generates an infinite sequence of data over time. The agents aim in delivering the data
from the safe nodes to the homebase. An algorithm A is correct for the periodic data
retrieval problem on the mobile agent system (A, P,F, S, mg, ), F € {B,B*,G} if
for every execution £ of A for every execution place p € P and for every time ¢ there
exists a time ¢’ > t such that the homebase contains all data that where generated by p
up to time ¢.

In the periodic data collection problem we assume that each process generates an
infinite sequence of data over time. The processes aim in sending the data to some
specially marked processes. An algorithm D is correct for the periodic data retrieval
problem on the message passing system (P,C,T,\'), T € {D, F, O} is for every
execution £ of D for every process p € P and for every time ¢ there exists a time ¢’ > ¢
such that the specially marked processes has received all data that where generated by
p up to time ¢.

If algorithm A is correct for the the Periodic Data Retrieval problem, then Vp €
P, t > 0 3¢’ > t such that the homebase contains all data generated by p up to time ¢.
Therefore in the simulation of A in the message passing systemVp € P, t > 03¢ > ¢
such that the homebase contains all data generated by p up to time ¢.

Ifalgorithm D is correct for the Periodic Data Collection problem, then Vp € P, t >
03¢ > tsuch that the homebase contains all data generated by p up to time ¢. Therefore
in the simulation of D in the mobile agent system Vp € P, t > 03¢” > t such that the
homebase contains all data generated by p up to time ¢.

Consensus problem in the Message Passing Model and Coordination problem in
the Mobile Agent Model

In the Consensus problem in a message passing system (P,C, T, \'), T € {D, F, O}
processes should agree on a common course of actions. Each process has an input value
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x; and should produce an output or decision y;. A solution to the consensus problem
should satisfy the following:

 termination: For every admissible execution each process p; € P outputs a
decision value y;.

+ agreement: For every execution if y;, y; are outputs of processes p;,p; € P\
F, i+ jtheny; =y;.

« validity: For every execution if z; = v, Vp; € P and process p; outputs decision
value y; then y; = v.

In the Coordination problem in a mobile agent system (A, P,F,S 7o, \), F €
{B,B*, G} mobile agents should agree on a common value and write at the whiteboard
of each execution place the agreed value. Each execution place p; € PP has an input
value x; and after the termination of the algorithm should produce an output or decision
value y;. A solution to the coordination problem should satisfy the following:

 termination: For every admissible execution each execution place p; € PP out-
puts a decision value y;.

+ agreement: For every execution if y;, y; are outputs of processes p;, p; € P\ F
then y; = Yj-

« validity: For every execution of z; = v, Vp; € PP and process p; outputs a
decision value y;, then y; = v.

If algorithm D solves consensus in the message passing system, then all non faulty
processes agree and decide on a common value and therefore in the simulation in the
mobile agent system all execution places have the same value after the termination of
the simulation, and the termination, agreement and validity conditions are satisfied.

If algorithm A solves the coordination problem in the mobile agent system, then all
execution places eventually have the same value on their whiteboards, therefore in the
simulation in the message passing system all processes agree on a common value and
the termination, agreement and validity conditions are satisfied.

k-set Consensus problem in the Message Passing Model and £-set
Coordination problem in the Mobile Agent Model

The k-set Consensus is a generalization of the consensus and agreement problem and
was introduced in [[L0]. In the k-set Consensus problem in a message passing system
(P,C,T,XN), T € {D, F,O} each process has an input value z; and should produce
an output or decision y;. A solution to the k-set consensus problem should satisfy the
following:

 termination: For every admissible execution each process p; € P outputs a
decision value

» k-agreement: For every execution the set of values decided by correct processes
has size at most k.

+ validity: For every execution, the decision value of any correct process must be
an input of some correct process.
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In the k-set Coordination problem in a mobile agent system (A, P, F, S, mo, A), F €
{B,B*, G} each execution place p; € IP has an input value ; and after the termination
each execution place should have a decision value y;. A solution to the k-set coordina-
tion problem should satisfy the following:

 termination: For every admissible execution each execution place p; € P out-
puts a decision value y;.

» k-agreement: For every execution the set of values decided by correct processes
has size at most k.

« validity: For every execution the decision value of any safe execution place must
be an input of some safe execution process.

If algorithm D solves k-set consensus in the message passing system, then all non faulty
processes agree and decide on at most k distinct values and therefore in the simulation
in the mobile agent system all execution places have at most £ distinct values after the
termination of the simulation, and the termination, k-agreement and validity conditions
are satisfied.

If algorithm A solves the k-coordination problem in the mobile agent system, then
all execution places eventually have at most k£ distinct values on their whiteboards,
therefore in the simulation in the message passing system all processes agree on at
most k distinct values and the termination, k-set agreement and validity conditions are
satisfied.

Renaming problem

The renaming problem is a special case of coloring problems and was introduced in [3].
The renaming problem, in the message passing system (P,C, T, \), T € {D, F, O}
processes have unique identifiers from a large domain and each processor p; € P should
pick a new name y; from a smaller domain [1,..., M]. An algorithm that solves the
renaming problem should satisfy termination: that each process p; € P eventually
decidesonay; € [1,..., M] and uniqueness: that Vp;, p; € P,i # j, y; # y;.

In the renaming problem in the mobile agent system (A, P, F. S, mg, A),F € {B,B*, G}
execution places have unique identifiers from a large domain and mobile agents should
pick new identifiers for each execution place from a smaller domain [1,..., M]. An
algorithm that solves the renaming problem should satisfy termination: that each exe-
cution place p; € P eventually gets a new name y; € [1,..., M] and uniqueness: that
Vpi, pj € Pyi # j, yi # ;.

If algorithm D solves the renaming problem in the message passing system, then
every process eventually acquires a new unique name, and therefore in the simulation
in the mobile agent system every execution place eventually gets a new unique name
from [1,..., M] that satisfies the termination and uniqueness properties.

If algorithm A4 solves the renaming problem in the mobile agent system, then every
execution place eventually gets a new unique name, and therefore in the simulation in
the mobile agent system every process decides on a new name from the smaller domain
[1,..., M] that satisfies the termination and uniqueness properties.
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Table 4.1: Correspondence between problems in the message passing and in the mobile
agent system

Problems in Message Passing Problems in Mobile Agent

Leader Election Mobile Agent Gathering
Identify/Locate the faulty processes | Black/Black™/Red hole Search
Periodic Data Collection Periodic Data Retrieval

Topology discovery Problem Graph exploration by mobile agents
Consensus Coordination

k-set Consensus k-set Coordination

Renaming Renaming

4.2 Positive Results

In the following sections we will present how to use the simulations presented to acquire
positive and impossibility results by already existing results of the literature.

4.2.1 Positive results on ADP and BH model

Lemma 4.1. [[14] The Mobile Agent Gathering Problem can be solved in the mobile
agent system (A, P, B, S, 7p, \), where |B| = 1, S is an oriented ring, & > 3 and agents
know the number k of agents in the system in time 3n — 6 and 3k - Zle (n — 1) total
agent moves.

Corollary 4.2. The Leader Election Problem can be solved in the message passing sys-
tem with one always dead process (P, C, D, \’), where C is an oriented ring, \' (v) =
(A(w), 1, M), if v is the homebase of agent «,
(A(v), 0, #), otherwise

of tokens k, in 3n — 6 time units and with 3% - Z,]le (n — i) total messages exchanged.

, and processes know the number

Proof. By applying lemma @.1| to the simulation relation presented in section O

Theorem 4.3. [[15] The Mobile Agent Gathering problem of k — 2 agents can be solved
in the mobile agent system (A, P, B, S, 7, A), where |B| = 1, S is an anonymous ori-
ented ring, agents know |P| = n and |A| = k& > 4 in 8(n — 2) time steps and with
4n? 4+ nk — k%/2 + O(n) + O(k?) agent moves.

Corollary 4.4. The Leader Election Problem can be solved in the message passing
system with one always dead process (P, C, D, \'), where C' is an anonymous oriented
ring M(v) = {()\(v), 1, Ma)), if v'is the homebase of agent «,

(A(v), 0, 1), otherwise

the number |P| = n, k processes have initially token and at most 2 messages are sent
to always dead processes in 8(n—2) time steps and with 4n?+nk—k?/2+0(n)+O(k?)
message complexity.

, processes know

Proof. By applying theorem .3 to the simulation relation presented in section B.3.1].
O
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Theorem 4.5. [[16] The BHS problem can be solved in the mobile agent system (A, P, B, S, mg, A),
where |B| = 1 and agents don't know the graph topology, in O(n?) moves using A + 1
agents, where A is the maximum degree of the graph.

Corollary 4.6. The problem of locating the faulty process in the message passing sys-
(AM(v), 1, M), if v is the homebase of agent «,
(A(v), 0, 1), otherwise

1 and processes don't know the graph topology can be solved in with O(n?) total mes-
sages exchanged.

tem (P, C, D, \'), where X' (v) = { ,|D| =

Proof. By applying theorem §.3 to the simulation presented in section O

Theorem 4.7. [ 7] There exists a protocol that solves consensus problem in the asyn-
chronous message passing system (P, C, D, \’), in which all non faulty processes reach
a common decision, the communication system C' is a complete graph, provided that
the number of always dead processes is |D| < |P|/2.

Corollary 4.8. There exists a protocol that solves the coordination problem in the mo-
bile agent system (A, P, B,S, mg, A), where the navigation subsystem S is complete
graph, the number of black holes is |B| < |P|/2 and the number of mobile agents in the

; — P>
system is |[A| = |D| - (|P| — |D]) < 5.

Proof. We note that since the graph C' of the protocol of theorem .7 is complete it has
exactly |D| - (|P| — |D]) edges between always dead processes and correct processes.
Therefore, we can assume without loss of generality that the protocol of theorem §.7
sends at most | D| - (| P| — | D|) messages to always dead processes, since by modifying
the algorithm of theorem [.7 such that a process sends a second message to a neigh-
boring process only if it has previously received a message from this process produces
the same output. Then running the simulation algorithm [ on the algorithm of theorem
B.7 solves the problem of coordination in the mobile agent system (A, P, B,S, 7o, \)

where S = C, [B| = |D| < |P|/2and |A| = |D| - (|P| - |D|) +1 < [£& =

4.2.2 Positive Results on OF and GH

Theorem 4.9. [J] There exists an algorithm that solves the periodic data retrieval prob-
lem in an undirected labelled and oriented ring S in (A, P, G, S, mg, A), where |A| = 4,
|G| =1.

Corollary 4.10. There exist an algorithm that solves the periodic data collection prob-
lem in the message passing model (P, C, O, '), |O| = 1 that sends at most 3 messages
to the crashed process.

Proof. By applying theorem §.9 to proposition B.17. O
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Table 4.2: Summary of positive results

Lemma f.1] Corollaryf.J

MA gathering problem can be solved MP Leader Election problem can be solved

in an oriented ring with one BH given that in an oriented ring with one ADP given that

k = |A| > 3 and agents know k, k > 3 processes have initially a token,

in time 3n — 6 and in 3n — 6 time and

3k - Zle(n — 1) total agent moves 3k - Zi‘:l(n — 1) total messages exchanged
Theorem (.3 Corollary .4

MA gathering problem can be solved MP Leader Election problem can be solved

in an anonymous oriented ring with one BH in an anonymous oriented ring with one ADP
given that k = |A| > 4, given that & > 4 processes have initially token,
k — 2 agents gather, at most 2 messages are sent to ADP

and agents know n, in 8(n — 2) time steps and processes know n, in 8(n — 2) time steps and
4n% + nk — k*/2 4+ O(n) + O(k?) agent moves | 4n> 4+ nk — k?/2 + O(n) + O(k?®) msgs exchanged
Theorem E.3 Corollaryf.q

BHS problem can be solved ADLP problem can be solved

in a MA system with one BH in a MP system with one ADP

when agents don't know the topology, when processes don't know the topology

in O(n?) moves using A + 1 agents with O(n?) message complexity and A + 1
where |A| = max,cv |[Na(u) processes have initially a token.

Theorem f.7 Corollary f.§

Consensus can be solved in asynchronous Coordination problem can be solved in

MP system with less than n/2 ADP asynchronous MA system with less than n/2 BH
in complete graphs and |A| = |D| - (|P| — |D|) < % in complete graphs
Corollary .9 Corollary

3 Algorithm that solves periodic data 3 algorithm that solves periodic data collection
retrieval problem in an undirected in an undirected labelled and oriented ring
labelled and oriented ring with one omission faulty process, that

with |A| = k = 4 agents and one GH sends at most 3 messages to the faulty process.

4.3 Impossibility Results

4.3.1 Impossibility results on ADP and BH model

Simulations are a very powerful tool, not only because they allow us to transfer the
positive results of one model to another, but also because they allow us to claim impos-
sibility results.

In sections and we proved that the message passing system with al-
ways dead processes (P, C, D, \') simulates the mobile agent system with black holes
(A, P, B, S, mp, A), with respect to the non faulty execution places - processes, where
N(v) = (A(w), 1, M), if v is the homebase of agent «,
(A(v), 0, #), otherwise
system (A, P, B, S, mg, A) simulates the message passing system (P, C, D, \"'), with
respect to the non faulty processes execution places, where A(v) = A'(v), v € P.
Therefore we can prove that if there does not exist an algorithm that solves problem II
in the mobile agent system with black holes, then the problem II cannot be solved in
the message passing system with always dead processes, and vice versa.

and that the mobile agent

Proposition 4.11. Let II be a problem defined on the mobile agent system with black
holes (A, P, B, S, mp, ). If there does not exist deterministic algorithm to achieve the
specifications of IT in (A, P, B, S, mg, A), then problem II cannot be solved in the mes-
sage passing system with always dead processes (P, C, D, \'), where C = S =
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(V. B, §), N(v) = (AM(w), 1, A(«)), if v is the homebase of agent «,
B 1 (A\(v), 0, £), otherwise
|A| — 1 messages are sent to always dead processes.

and at most

Proof. Suppose for contradiction that there exists a message passing algorithm D that
solves ITin (P, C, D, X'), where the total number of messages sent to the always dead
processes are at most |A| — 1. By algorithm [, algorithm D is simulated by algorithm
A in the mobile agent system (A, P, B, S, mo, A). Since algorithm D achieves problem
IT specifications, then algorithm A achieves problem II specifications, which yields
contradiction. O

Proposition 4.12. Let II be problem defined on the message passing system with al-
ways dead processes (P, C, D, \’), where the set of states of the processes is ) =
Q1 x{0,1} xQ2, where Q1, Q2 aresetof statesand \' : P — [; x{0,1} x5, I; C Q1,

(q7 133); q e -[1, s € I2 or,

(q,0, 1), g € I, §null

ministic algorithm that achieves the specifications of ITin (P, C, D, \'), then problem
IT cannot be solved in the mobile agent system with black holes (A, P, B, S, 7, ),
where [A] = [{N'(1) | u € P AN () = (4,1,5), 4 € Qu, 5 € Qa}| = I, [P = |P).
|D| = |B‘, S =C = (V, E, 5), Q]p = Ql, QA = QQ, IIF’ = Il, IA = I2 and
A(v),v € Pand Aa), o € A are such that (A\(v),1,A\(a)) = N(v),v € P and
mo(a) = v, or (A(v),0,8) = X (v),v € P

I, C Q2 and N (v) = . If there does not exist deter-

Proof. Suppose for contradiction that there exists a mobile agent algorithm A, that
solves II on the system (A, P, B, S, 7o, A), where S = C and A(v) = A(v), v € P.
Then, by the simulation B.3.1], algorithm A can be simulated in the message passing
system (P, C, D, X'). Therefore, the simulation of .4 in the message passing system
solves 11, that is a contradiction. O

Therefore, by propositions and we have that the mobile agent system
(A, P, B, S, mo, A\) and the message passing system (P, C, D, ') are computation-
ally equivalent.

Instantiations/Examples

The propositions presented in the previous section can be used to acquire and transfer
impossibility results from one model to the other. The expression "It is impossible
to solve problem II" means that there does not exist deterministic algorithm A that
correctly terminates for problem II.

Lemma 4.13. [14, [L6] If |A| = 1 the BHS problem cannot be solved.

Corollary 4.14. There does not exist deterministic algorithm that solves the Always
Dead Process Location in the message passing system (P, C, D, '), where A is as
described in proposition B.11], | D| = 1 that sends no messages to d € D.

Proof. By applying claim to proposition O

Lemma 4.15. [[14, 116, [12] If |A| > 1, execution places have unique identifiers A and
agents do not know the size of the navigation subsystem, the BHS problem is impossible
since it is impossible for the agents to distinguish between a black hole and a slow link
or agent.
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Corollary 4.16. There does not exist deterministic algorithm that solves the problem
of locating an always dead process in the message passing system (P, C, D, \"),where
)\ is as described in proposition f.11], processes have unique identifiers, but there is no
knowledge of the size of the communication system.

Proof. By applying claim to proposition O

Corollary 4.17. []14, [14] It is impossible to verify whether or not there exists a black
hole using explicit termination in a ring.

Corollary 4.18. It is impossible to verify whether there exists an always dead process
using explicit termination in a ring.

Proof. By applying corollary to proposition O

Corollary 4.19. []16] If the navigation graph S has a vertex cut, it is impossible to solve
BHS problem.

Corollary 4.20. If the communication graph C has a vertex cut it is impossible to solve
the Always Dead Process Location problem.

Proof. By applying corollary to proposition O

Theorem 4.21. [[16] There is a graph G = (V, E, ) with maximum vertex degree
3 < A < n — 4 such that without topological information, any algorithm for the Black
Hole Search problem in arbitrary networks requires at least A + 1 agents in G.

Corollary 4.22. There is a graph G = (V, E, \) with maximum vertex degree 3 <
A < n — 4 such that without topological information, any algorithm for the always
dead process location problem in arbitrary networks sends at least A messages in the
always dead process in G.

Proof. By applying theorem to proposition O

Proposition 4.23. [|L7] There is no deterministic algorithm that solves consensus in the
message passing system (P, C, D, \’), where X is as described in proposition k.13,
when the number of the always dead processes is | D| > |P|/2.

Corollary 4.24. There is no deterministic algorithm that solves coordination problem
in the mobile agent system (A, P, B, S, 7y, A) when the number of black holes is |B| >
|P|/2.

Proof. By applying proposition to proposition [

Table §#.3 summarizes some impossibility results that can be obtained by already
known results and the propositions and .12, as a consequence of the simulations

presented in sections B.3.1 and B.3.2.
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Table 4.3: Summary of impossibility results

Black Hole Mobile Agent System

Message Passing with Always Dead

Lemma
BHS problem cannot be solved
with only one agent.

Corollary.14
ADPL problem cannot be solved
without sending any messages to ADP.

Lemma

BHS problem cannot be solved

if agents don't know n !.

Corollaryf.1q
ADPL problem cannot be solved
if processes don't know n.

Corollary

It is impossible to verify whether
there exists a BH in a ring

using explicit termination.

Corollary

It is impossible to verify whether
there exists an ADP in a ring
using explicit termination.

Corollary
If the graph has a vertex cut
it is impossible to solve BHS problem.

Corollary
If the graph has a vertex cut
it is impossible to solve ADPL problem.

Theorem
It is impossible to solve BHS problem
when [A] < A.2

Corollary
It is impossible to solve ADPL problem
and send at most A — 1 messages to BHS. 2

Corollary

It is impossible to solve coordination problem
when |B| > |P|/2

Proposition
It is impossible to solve consensus
when |D| > |P|/2

4.3.2 Impossibility results on CF and B"'H model

Proposition 4.25. Let IT be problem defined on the message passing system with crash
failures (P, C, F, \'), where the set of states of the processes is Q@ = Q1 x {0, 1} x Qa,
where (1, Q2 are set of states and \' : P — I} x {0,1} x Io, I} C @1, I C Q2

and )\/(U) _ {(qa 1as)a q S Il; S E 12 or,

(g, 0, 1), g € I, t is null state
algorithm that achieves the specifications of Il in (P, C, F, )\’), then problem II cannot
be solved in the mobile agent system with black holes (A, P, B*, S, 7o, \), where |A| =
{(N(0) |u€ PAN@) = (0.1,5), 4 € Qu. 5 € Qa}| = k. [P = | P|. |F| = [BY],
S=C=(V,E6),Qp = Q1,Qn = Qo, Iy = I, I = I, and A\(v),v € P
and A\(a), o € A are such that (A(v), 1, \(«)) = N (v), v € P and mo(a) = v, or
(A(v),0,§) =N(v),veP

. If there does not exist deterministic

Proof. Suppose for contradiction that there exists a mobile agent algorithm A, that
solves II on the system (A, P, BT, S, mp, A), where S = C and A(v) = A(v), v €
P. Then, by the simulation B3, algorithm A can be simulated in the message passing
system (P, C, F, ). Therefore, the simulation of .4 in the message passing system
solves II, that is a contradiction. O

Instantiations/Examples

Theorem 4.26. [[17] There is no deterministic algorithm that solves the consensus prob-
lem in the message passing system (P, C, F, \’) with even one crash failure.

I'n is the number of vertices of the graph
2A is the maximum degree of the graph
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Corollary 4.27. There is no deterministic algorithm that solves the coordination prob-
lem in the mobile agent system (A, P, BT, S, 7, A).

Proof. By applying theorem to proposition §.23. O

Theorem 4.28. [ If |F| < n — 1, the sum of the messages in the failure free runs
of any t-resilient protocol for synchronous binary synchronous consensus/Byzantine
Agreement on the system (P, C, F, \’) under crash failures is at least n + ¢ — 1.

Corollary 4.29. There is no t-resilient protocol that solves the synchronous binary
coordination problem for [B*| < n — 1, in the system (A, P, B¥, S, mg, \), that in the
failure free runs the total number of agent moves are less than n + ¢ — 2.

Proof. By applying theorem to proposition with the modifications of section
D.2. O

Theorem 4.30. [2(] There is no deterministic algorithm that solves the renaming prob-
lem in the message passing system (P, C, F, \'), where |P| = n+1, |F| = f the range
of input names of processes is > 2n — 1 and the range of output names of processes is
<n+f—-1

Corollary 4.31. There is no deterministic algorithm that solves the renaming problem
in the mobile agent system (A, P,BT,S, w9, \), where |[P| = n + 1, |BT| = f, the
range of input names of execution places is > 2n — 1 and the range of output names of
processesis < n + f — 1.

Proof. By applying theorem to proposition §.23. O

Proposition 4.32. [20, [, 30] There is no deterministic algorithm that solves the k-set
consensus problem in the message passing system (P, C, F, \'), when |F| > k.

Corollary 4.33. There is no deterministic algorithm that solves the k-set coordination
problem in the mobile agent system (A, P, BT,S, mg, A), when |[BT| > k.

Proof. By applying proposition to proposition §.23. O

Table 4.4: Summary of impossibility results on CF and B"H model

Message Passing with Crash Failures Black™ Hole Mobile Agent System

Theorem Corollary@.27

7 deterministic algorithm for the consensus | 7 deterministic algorithm for the coordination
problem with even one crash failure. problem even with one Black™ Hole

Theorem Corollary

The sum of messages in the failure free runs | 7 t-resilient protocol that solves

of any t-resilient protocol for synchronous synchronous bunary coordination problem
binary consensus/Byzantine Agreement that in the failure free runs the total number
under crash failures is at least n +¢ — 1 of agent moves are less than n 4+ ¢ — 2
Theorem Corollary

7 deterministic algorithm for the renaming | 7 deterministic algorithm for the renaming
problem when |P| =n+1, |F| = f and problem when |P| =n + 1, |BT| = f and

and the range of input names is > 2n — 1 the range of input names is > 2n — 1 and
the range of output namesis <n+ f — 1 the range of output names is < n + f — 1
Proposition Corollary

7 deterministic algorithm for the { deterministic algorithm for the

k-set consensus when |F| > k k-set coordination when |BT| > k
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4.3.3 Impossibility results on OF and GH model

Proposition 4.34. Let IT be problem defined on the message passing system with crash
failures (P, C, O, \'), where the set of states of the processes is QQ = Q1 x {0, 1} x Qq,
where (1, Q2 are set of states and \' : P — I} x {0,1} x Io, I; C @1, I C Q2
(q7 133)a q € Il; ERS I2 or,
(q, 0, 1), q € I, § is null state
algorithm that achieves the specifications of Il in (P, C, O, \’), then problem IT cannot
be solved in the mobile agent system with black holes (A, P, G, S, mg, A), where |A| =
[{N(v) [ue PAN(@) =(q,1,5), ¢ € Q1,5 € Q2}| =k, [P| = |P|, O] = |G|,
S =0C = (V, E, 5), Q]p = Ql, QA = QQ, Ip = I, Iy = I, and )\(’U),U eP
and A(a), o € A are such that (A(v), 1, AM(«)) = N (v), v € P and mo(a) = v, or
Av),0,8) =X (v),ve P

and \ (v) = . If there does not exist deterministic

Proof. Suppose for contradiction that there exists a mobile agent algorithm A, that
solves II on the system (A, P, G, S, 7y, \), where S = C and A(v) = A(v), v €
P. Then, by the simulation B.7, algorithm A can be simulated in the message passing
system (P, C, O, X'). Therefore, the simulation of A in the message passing system
solves II, that is a contradiction. O

4.4 Conclusion

In this thesis we studied the simulation relations between the message passing model
and the mobile agent model, under various assumptions about the types of faults of
the two models. The simulations presented are a useful tool to obtain positive and
impossibility results from one model to the other and to design algorithms for one model
using an already existing algorithm of the other model. Simulations can also be used
when designing algorithms that run into complex models, while they are designed into
simpler models.

The simulations presented in this thesis give us a tool to do trade offs based on the
number of available resources(processes) and the ability of mobility of the resources
and in designing algorithms. For example, in the case of testing the performance of a
distributed algorithm, a set of £ mobile agents can simulate a set of n (k < n) stationary
agents and vice versa, which can be very helpful in algorithmic design.

Lastly, the simulations of the adversary and its capabilities, that were presented can
be used in studying and analysing adversarial strategy and testing the performance of
an algorithm according to any adversarial strategy.
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